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WILLIAM JESSE GOAD LAND was born 
at Alton, Illinois, December 2, 1865. He 
studied at Rome (Indiana) Academy, 
1888-92; received his $.B., University of 
Chicago, 1902, and Ph.D., 1904. He was 
Principal of Rome Academy, 1893-94; 
Principal of the High School, Grand 
Rivers, Kentucky, 1894-95; Superin- 
tendent of City Schools, Ashley, Illinois, 
1895-1901. At the University of Chica- 
go he was Fellow in Botany, 1903; As- 
sistant in Morphology, 1904-06; Associ- 
ate, 1906-08; Instructor in Botany, 
1908-11; Assistant Professor, 1911-15; 
Associate Professor, 1915-28; Professor, 
1928, until he retired as Professor Emeri- 
tus, 1931. He was Fellow, American As- 
sociation for the Advancement of Sci- 
ence; Member, Botanical Society of 
America, Illinois Academy of Science, 
American Microscopic Society, Deutsche 
Botanische Gesellschaft, Texas Geolog- 
ical Society, Texas Academy of Science, 
Phi Beta Kappa, Sigma Xi, Alpha Sig- 
ma Phi, and National Rifle Association. 

Dr. Lanp’s lifelong connection with 
the University of Chicago began in 1898 
with three courses in botany by corre- 
spondence, while he was Superintendent 
of Schools at Ashley, Illinois. He must 
have been an indefatigable worker, for he 


was teaching many subjects and making 
scientific apparatus, in addition to the 
correspondence study. For that study he 
made a simple but efficient camera lu- 
cida. Professor CHARLES R. BARNES 
once remarked that Dr. LAND could do 
more things than any other man he ever 
knew. 

He first came to the campus of the 
University for the Summer Quarter of 
1900. In the second term of that quarter, 
since there were no botanical courses 
suitable for him, Dr. Jonn M. CouLter 
suggested that he undertake a piece of re- 
search. NAVASHIN had just announced 
double fertilization in the lily, and that 
summer Dr. LAND demonstrated it con- 
vincingly for a dicotyledon. His next pa- 
per was a morphological study of Thuja 
occidentalis. Then there was a study of 
the life history of Torreya (with Joun M. 
CouLTER), and—also with Dr. CouLTER 
—a paper on Lepidostrobus, and one on 
the use of the cotyledon in phylogenetic 
studies. He had articles on the Hepati- 
cae, some of them with Professor 
Barnes. He also published papers on 
laboratory apparatus and technique. 
Among his important contributions were 
those on Ephedra. His main work, how- 
ever, was a book on the morphology and 
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phylogeny of the Hepaticae. For this he 
collected material in various parts of the 
United States, Mexico, and the South 
Seas, and undertook extensive research. 

He was an able and enthusiastic teach- 
er. He collected his own material for 
class work because he knew just what he 
wanted. He often quoted FRANKLIN’S 
“If you want your business done, go; if 
not, send.” Any student who wished to 
know how to prepare laboratory mate- 
rial was taught even photography and 
photomicrography, besides the latest in 
microtechnique. He developed the for- 
malin-acetic-alcohol and the formalin- 
acetic-water fixing agents, which, with 
various modifications, are still standard. 
The Spencer rotary microtome, invented 
by Dr. H. N. Ort, owes much to Dr. 
LAND’s criticism, suggestion, and encour- 
agement. 

While he believed that in a morpho- 
logical course there should be both lec- 
ture and laboratory work, he was con- 
vinced that the lecture feature was over- 
emphasized. He laid great stress upon 
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laboratory work and always planned it to 
develop observation and initiative. 

Aside from his academic work, Dr. 
LAND was extremely patriotic and an en- 
ergetic believer in preparedness. He was 
a master shot with rifle and revolver, and 
was elected a life member of the National 
Rifle Association, winning decorations on 
both Army and Navy ranges. During the 
first World War he organized the Univer- 
sity of Chicago Rifle Club and built an 
excellent rifle range at the University. 
Dr. Lanp invented the holder for the 
sniper’s telescope sight used by our Army 
and Navy, giving it to the government 
without charge. 

Dr. and Mrs. LAND spent most of their 
time after is retirement at their home 
in Browns le, Texas, but came each 
summer to | | ir home at Rome, Indiana. 
Dr. LAND pas. d on at this summer home 
on August 1, 1942. Mrs. LAND has the 
sympathy of a host of his colleagues and 
students, who will long cherish his mem- 
ory- J. eRtarn, University of 
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GROSS MORPHOLOGY AND HISTOLOGY OF DEVELOPING 
FRUIT OF THE APPLE! 


H. B. TUKEY AND J. ORAN YOUNG 


(WITH SIXTY-NINE FIGURES) 


Introduction 


Individual aspects of the fruit of the 
apple have been studied by a number of 
workers, including gross morphology by 
Kraus (11); gross development by 
WHITEHOUSE (28); variations in internal 
structure by Kraus (12); vascular anat- 
omy by Kraus and RALsTon (13) and 
MacArtTuur and WETMORE (15); nature 
of inflorescence and fruit by BLack (5); 
anatomy and phylogenetic concept by 
MacDanieEts (17); cytology and anatom- 
ical development by TETLEY (21, 22); 
nature of lenticels by CLEMENTs (6); pro- 
tective layers of fruit by BELL (3, 4); 
changes in chemical composition of de- 
veloping apples by AskKEw (2); structure 
of flesh in relation to growth and se- 
nescence by SMITH (19); fertilization and 
early development of embryo by ELss- 
MANN and voN VEH (7), STEINEGGER 
(20), and SEN (18); and relation of seed 
to fruit development by Ewert (8, 9). 
More recently MAcARTHUR and WET- 
MORE (16) have analyzed development 
of fruits of the McIntosh Red and 
Wagener apples. This paper, while over- 
lapping some of these studies in certain 
details, attempts to give a more or less 
connected picture of the gross develop- 
ment and the principal tissue changes in 
the fruit of the apple in the western New 
York fruit area of the United States, 
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from 1 month before full bloom through- 
out the growing season to fruit ripening. 


Material and methods 


Five varieties of apple, ripening at 
intervals from very early season to late 
season—Lodi (very early), Early Harvest 
(early), Twenty Ounce and McIntosh 
(mid-season), and Rome (late)—were 
used all or in part during five growing 
seasons as follows: 

1. Season of 1930, variety Lodi, fixed 
in chromacetic April 10, 1 month before 
full bloom, material obtained through 
the courtesy of Dr. B. R. Nebel. 

2. Season of 1934, varieties Early Har- 
vest, McIntosh, and Rome, fixed in 
formalin-acetic-alcohol on Mondays, 
Wednesdays, and Fridays from May 23 
to fruit ripening (August 3, Spetember 
17, and October 31, respectively). 

3. Season of 1935, variety Twenty 
Ounce, fixed in Karpechenko’s chrom- 
acetic at 2- and 3-day intervals from 
May 14 to June to. 

4. Season of 1938, variety Twenty 
Ounce, cleared in phenol-lactic-glycerin 
on Mondays, Wednesdays, and Fridays 
from May 17 to September 28. 

5. Season of 1940, varieties McIntosh 
and Twenty Ounce, fresh material. 

All samples were collected in the 
orchards of the New York State Agricul- 
tural Experiment Station at Geneva, 
New York. The wide range of varieties, 
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the frequency of sampling, and the 
several seasons included have made it 
possible to observe the variations in the 
details studied, as well as the general 
trends. 

Samples cleared in phenol-lactic-glyc- 
erin for gross structural measurements 


Fic. 1. 
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factory photographing (figs. 1, 2). The 
phenol-lactic-glycerin method has the 
advantages of rapidity and inexpensive- 
ness, making observations on masses of 
material possible. Further, the tissues do 
not become brittle as in xylol or cedar oil 
but remain flaccid. For example, it was 


Cross-section of Twenty Ounce apple cleared in phenol-lactic acid, showing parts discussed. 


e, epidermis; hy, hy podermal layer; c, cortex; pb, petal bundle; sb, sepal bundle; p, — Tp, fleshy pericarp; 


cp, cartilaginous pericarp. 


were cut into thin slices with a razor or 
sharp knife, then placed and held in the 
following solution: phenol 20 gm., lactic 
acid 20 gm., glycerin 40 gm., water 20 
gm. Although this mixture does not clear 
the sections as much as cedar oil, the 
vascular structures, core line, and carti- 
laginous tissues can be seen plainly. 
Definition is sufficiently sharp for satis- 


possible to separate the epidermis and 
hypodermal layer from the underlying 
tissues, to mount them, and to make 
drawings of the cells in surface view. 
For detailed studies of early stages 
when the material was still small, samples 
were fixed in Karpechenko’s chromacetic 
and run up into paraffin for sectioning on 
a rotary microtome. The sections were 
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stained with safranin, crystal violet, and 
orange G. For detailed studies of later 
stages, when the fruits were larger, 
samples were fixed in a solution contain- 
ing 23 cc. of formalin, 67 cc. of glacial 
acetic acid, and roo cc. of 50 per cent 
alcohol, and sections were made directly 
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histological features after staining in 
safranin and light green. 


MEASUREMENTS 
Gross measurements of parts indicated 
in figures 1 and 2 were made from fresh 
material collected every Monday, Wed- 


Fic. 2.—Longisection of Twenty Ounce apple cleared in phenol-lactic acid. A-F, length of fruit; B—D, 


length of carpel; C-D, length of carpel “blade.” 


either freehand or on a sliding micro- 
tome. Despite the progressive hardening 
of cartilaginous portions of the carpels, it 
was possible to make reasonably com- 
plete sections of fruits up to 2} inches 
in diameter. These sections were in some 
cases 100 in thickness yet were thin 
enough to show clearly the essential 


nesday, and Friday from pre-bloom to 
fruit ripening as follows: 


Weight.—Average from ten specimens 
for early stages and two to five for 
later in season. 

Volume.—Average water displacement 
from ten specimens for early stages 
and two to five for later. ° 
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Transverse diameter.— Average greatest 
cross-sectional diameter. 

Polar diameter.—Average over-all length 
of fruit. 

Sepal and petal bundle diameters.— 
Average diameter of circles drawn 
through the five sepal bundles and 
five petal bundles in cross-section of 
fruit. 

Core line diameter.—Average inside 
diameter of core line as measured by 
averaging ten points on core line in 
cross-section of fruit. 

Core diameter.—Average diameter of 
circle drawn through the five dorsal 
carpellary bundles in cross-section of 
fruit. 

Carpel length.—Average length from 
base of style to region of anasto- 
mosis at proximal end of pedicel (fig. 
2B—D). 

Carpel blade length—Average length of 
“blade” portion of carpel in longi- 
tudinal section (fig. 2C-—D), consider- 
ing carpel as a leaf. 

Carpel suture diameter.—Average great- 
est diameter from dorsal to ventral 
suture in cross-section of fruit. 

Carpel cheek diameter.—Average great- 
est diameter of cartilaginous portion of 
carpel at right angles to suture di- 
ameter in cross-section of fruit. 

Flesh carpel wall diameter.—Average 
greatest diameter of fleshy portion of 
carpel in cross-section of fruit. 

Nucellus and integument length.— Aver- 
age over-all length of nucellus and 
integuments. 

Embryo length.—Over-all length of em- 
bryo. 


Of these measurements, some were 
found to have greater significance and to 
be less variable than others. For ex- 
ample, a circle drawn through the petal 
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bundles is slightly smaller than one 
drawn through the sepal bundles, and 
this in turn is smaller than a circle 
through ten points on the core line; but 
the relationship appears to be of no es- 
sential significance so far as this study is 
concerned. The total length of the carpel 
is so altered by the size of the tip or of the 
base as to mask the true increase in size 
of its main portion. For this measure- 
ment the carpel blade served best. The 
carpel cheek diameter varied with the 
number of seeds and with the degree of 
spreading of the carpel, so that it was 
not useful. For a measure of the develop- 
ment of the fleshy portion of the carpel it 
was found best to use the greatest thick- 
ness of the wall from the cartilaginous 
pericarp to the periphery of the fleshy 
carpel. On the other hand, diameters of 
entire fruit, core line and core, and 
fleshy portion of the carpel wall proved 
good measurements in transverse section, 
as did over-all length of fruit, carpel 
blade length, and over-all length of 
nucellus and integuments and embryo in 
longitudinal sections. 

Permanent outline drawings of the 
samples fixed in formalin-acetic-alcohol 
were made in both cross and longitudinal 
section by outlining the principal parts 
and tissues with an indelible pencil and 
transferring to filing cards by stamping 
the cross-sections upon them. These were 
used to compare shrinkage with the for- 
malin-acetic-alcohol measurements when- 
ever individual fruits of this material 
were studied. Although compensation 
was made for shrinkage on this basis, 
little occurred. 

Curves were drawn by use of a Keuf- 
fel and Esser spline and spline weights, 
which were found highly satisfactory in 
the drawing of smooth curves with a 
minimum of departure from the points 
on the graph. 
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Outline drawings were made by trac- 
ing the images of the cleared sections as 
projected on a _ ground-glass camera 
plate. This method facilitated rapid and 
accurate tracing of the larger structures 
at constant magnification. Early Har- 
vest and Twenty Ounce were chosen for 
this portion of the study, since Kraus 
(12) has shown that the fleshy portion of 
the carpel is relatively large in these 
varieties. All drawings of histological de- 
tails were made at constant magnification 
with the aid of a camera lucida. 

Measurements of cell size were made 
with the aid of a sliding ocular microm- 
eter in combination with a 4-mm. ob- 
jective. 


General consideration of tissues 


The morphological interpretation of 
the apple fruit has long constituted a 
theoretical controversy. There are two 
divergent lines of thought: (a) that the 
apple consists of five drupelike carpels 
contained within the fleshy torus or 
receptacle and is therefore in large part a 
fleshy development of the stem or axis; 
(b) that the fleshy portion of the apple, 
exclusive of the inclosed carpels, is com- 
posed of the fused and enlarged bases of 
the floral appendages and represents the 
floral tube. The first theory is based 
largely on ontogenetic observation, while 
the second is supported in the main by 
phylogenetic considerations. 

The receptacular theory, as expounded 
by Kraus (11, 13) and later by BLAck 
(5), holds that the five carpels are com- 
posed of a cartilaginous endocarp and a 
relatively thin but highly variable fleshy 
exocarp. The “core line” of the apple is 
interpreted as representing a cambial 
region between the cortex and pith. The 
appendicular theory as stated by Mac- 
DANIELS (17) interprets the core line as 
“representing the line of fusion between 
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the floral tube and the ovary.”’ While it 
is not the purpose of this paper to enter 
the discussion on one side or the other, 
yet the interpretation of Kraus has 
seemed to the writers more correctly to 
describe the structures observed, and the 
terminology used here is in accordance 
with the receptacular theory. 

Figures 1 and 2 illustrate a Twenty 
Ounce apple in transverse and longi- 
tudinal section, with the parts labeled 
which are mentioned in this paper. 


Results 


GROSS DEVELOPMENT 


The increases in transverse diameter 
of the fruit, pith, and core or outer 
boundary of the pericarp are charted in 
figure 3 for Early Harvest, Twenty 
Ounce, McIntosh, and Rome varieties 
and show the relation between these 
parts during development. The distance 
between the curve for the entire fruit and 
that for the pith gives a measure of the 
increase of cortical tissue; the distance 
between the curve for the pith and that 
for the pericarp gives a measure of the 
increase of the pith region; while the 
interval between the curve for the peri- 
carp and the base line gives a measure 
of the increase of the core region. 

The first portions of the curves are 
similar for all varieties but differ farther 
along. For the variety ripening in early 
summer (Early Harvest), the curve for 
the entire fruit is almost a straight line, 
but for each successively later-ripening 
variety the curve flattens as the season 
progresses (28). This may be associated 
with sunlight (22), or temperature or 
moisture (2); but that it is—in part at 
least—a varietal characteristic of slower 
growth rate is shown by superimposing 
the curves up to August ro. The earliest 
ripening variety shows a more rapid rate 
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throughout the entire growth period, 
whereas for each successively later ripen- 
ing variety the rate falls off at an earlier 
date. 
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less pith, thus compensating for the 
much less increase in the pericarp. MAc- 
ARTHUR and WETMORE (15) report simi- 
larly. 


TWENTY OUNCE 


/ 
PIT 
/ 
CORE 
ENTIRE 
ROME FRUIT 
PITH 
CORE 


Increase in transverse diameters of entire fruit, pith, and ‘‘core’’ or outer boundary of pericarp 


of Early Harvest, McIntosh, Twenty Ounce, and Rome apples from full bloom to fruit ripening. 


Growth of the pith follows somewhat 
the same trend as that for the cortical 
tissues, but the curve is less steep, where- 
as growth of the pericarp is completed 
relatively early. In other words, the 
straight line of growth for the entire fruit 
is made up in later season of an increas- 
ing proportion of cortex and somewhat 


Volume increase (fig. 4) presents a 
truer picture of total growth than does 
diameter increase. The curves of the 
three varieties reflect the same general 
trend as the curves for diameter, in 
which the early season growth of the 
early-ripening Early Harvest is more 
rapid than that of McIntosh, and the 
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latter in turn is more rapid than that of 
the late-ripening Rome. 

While the curves approach a straight 
line, as reported commonly in horticul- 
tural literature for increase in volume of 
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gated section, and that fall temperatures 
at harvest are relatively lower than in 
the west and south, from which most of 
the straight-line curves have been re- 
ported. 


sot | CUBIC 
CENTIMETERS 
ise EARLY 
HARVEST 
MCINTOSH 
/ ROME 
/ / 
60 / 

: MAY JUNE JULY AUG SEPT. OcT. 


Fic. 4.—Increase in volume of fruit of Early Harvest, McIntosh, and Rome apples from full bloom to 


fruit ripening (water displacement method). 


apple fruits in various parts of the coun- 
try, there is nevertheless a slight taper- 
ing off of growth in McIntosh and Rome 
as the time of harvest is reached. If an 
explanation is needed it may lie in the 
fact that New York State is not an irri- 


Figures 5-28, of the Twenty Ounce 
apple at 2-week intervals from 1 month 
before full bloom to fruit ripening, show 
the relation between the different parts 
of the developing fruit and also several 
features not seen in the curves of gross 
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Fics. 5-16.—Tracings of Twenty Ounce apple in cross-section from 4 weeks before full bloom to fruit 


ripening: Fig. 5, 4 weeks before full bloom; fig. 6, 2 weeks before full bloom; fig. 7, full bloom; fig. 8, 2 
weeks after full bloom; fig. 9, 4 weeks; fig. 10, 6 weeks; fig. 11, 8 weeks; fig. 12, 10 weeks; fig. 13, 12 weeks; 
fig. 14, 14 weeks; fig. 15, 16 weeks; fig. 16, 18 weeks (ripe). 
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Fics. 17-28.—Tracings of Twenty Ounce apple in longisection from 4 weeks before full bloom to fruit 
ripening: Fig. 17, 4 weeks before full bloom; fig. 18, 2 weeks before full bloom; fig. 19, full bloom; fig. 20, 2 
weeks after full bloom; fig. 21, 4 weeks; fig. 22, 6 weeks; fig. 23, 8 weeks; fig. 24, 10 weeks; fig. 25, 12 weeks; 
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development. ‘The cartilaginous portion 
of the carpels develops rapidly in June 
or early July, reaching maximum size in 
transverse direction (figs. 5-16) earliest 
of any of the tissues making up the bulk 
of the fruit. The fleshy portion of the 
carpels continues growth in late July and 
early August and is the next to reach 
maximum size. The pith and cortical 
region, on the other hand, continue 
growth through August and September 
and make up the bulk of the apple at 
fruit ripening. 

The edges of the carpels are in ap- 
proximate contact along the ventral 
suture until about 4 weeks after full 
bloom. This condition is described by 
horticulturists as a closed core. In 
Twenty Ounce the edges of the carpel 
spread apart along the ventral suture 
and curve away from the central axis of 
the fruit. The edges of the carpels are no 
longer in contact throughout their length, 
resulting in the characteristic ‘‘open 
core” of the variety as noted by Mac- 
ARTHUR and WETMORE (15) and others 
(figs. 5-16). The core accordingly be- 
comes larger, but the size of the indi- 
vidual carpels remains the same, except 
for the development of parenchymatous 
tissue in the region of the ventral and 
carpellary bundles and for the increase 
in size of the fleshy portion of the carpel. 

In longitudinal section (figs. 17-28) 
the carpel also reaches maximum length 
by mid-summer (22). The pith, however, 
increases relatively less in length than in 
transverse diameter. In the cortical re- 
gion there is a comparably greater in- 
crease in length, owing to a greater up- 
ward and radial direction of growth of 
the cortical cells at the apex and a cor- 
responding downward and radial growth 
of these cells at the base (15), so that the 
stem may be submerged in the cavity 
which surrounds it. 
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HISTOLOGICAL DEVELOPMENT 


Except when otherwise noted, the his- 
tological observations were made on the 
McIntosh variety. Measurements of size 
and numbers of cells in the different 
tissues are given in tables 1 and 2. His- 
tological details at monthly intervals 
from 1 month before full bloom to fruit 
ripening are shown in figures 34-63. 

CARPEL.—Development of the carpel 
resembles somewhat that of a drupe fruit 
(10, 14, 27). At fruit ripening it is com- 
posed of inner epidermis, cartilaginous 
pericarp, fleshy pericarp, and outer epi- 
dermis. 

Over the full surface of the carpels ex- 
tends a continuous layer of epidermis. 
The greater extent of this layer repre- 
sents the inner epidermis, but in the cleft 
between adjoining carpels the surface 
cells may properly be called outer epi- 
dermis (figs. 31, 33). The outer epidermis 
cannot be identified in the region be- 
tween the fleshy pericarp and the pith. 
In Twenty Ounce the epidermal cells 
lining the cleft between two carpels may 
become much enlarged and pressed to- 
gether, so that the cleft is distinguishable 
only by microscopic observation (figs. 
29-33). 

Four weeks prior to full bloom the 
cells of the inner epidermis are somewhat 
radially elongate, about 10 X 5 win trans- 
verse section (figs. 34-39). At full bloom 
they are further radially elongate and 
form a palisade-like layer of cells averag- 
ing 20 u in radial direction by 8 uw tan- 
gentially. Following full bloom the cells 
of the entire inner epidermis, except for 
narrow longitudinal strips in the region 
of the dorsal and ventral bundles, be- 
come rapidly further elongate. The di- 
rection of elongation is oblique, apically 
toward the dorsal carpellary bundle. Al- 
though they are similar to the cells of the 


Pug 
ib 
: | 


1942] 


cartilaginous pericarp, they are slightly 
larger. At maturity they measure 150 » 
radially by 124 tangentially in cross- 
section. They may attain a length of 
185 

The epidermal cells in the regions of 
the dorsal and ventral bundles undergo 
no such elongation but retain nearly iso- 
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dermis by rapid cell division just before 
and just after full bloom. Whether this 
layer is in turn derived from the inner 
epidermis by cell division several weeks 
before full bloom, however, could not be 
exactly determined. From such examples 
of cell division as figures 30 and 35, and 
from the behavior of similar tissues in the 


TABLE 1 


DIAMETER OF CELLS w) OF DIFFERENT TISSUES OF APPLE FRUIT 


TISSUE 


APRIL 19, May 14 JUNE 11 Juy 11 | AvucuST 6 SEPTEMBER II 
Outer epidermis.| 11X 6*| 20X 8 18X10 14X 18 | 12- 14X 20 QoX 22 
Hypodermis 11X11 | 11X18 | 11X23 16X 32 14- 16X 36 12X 40- 54 
Cortex... 6 | 57X62 106 X 100 | 110X120 | 174-264 X 197-340 
| See | 14X13 | 22X22 71X57 150X110 190X120 | 314-444 X 165-268 
Fleshy pericarp..| 11X10 | 14X15 36X22 | 80X 74 | go-102X 80-90 | 169-310X 97-155 
Cartilaginous per-. 
..| 10OX 7 | 18X 8 94X 8 | 63-185X 8 | 63-185X 8 63-185X 8 
Inner epidermis..| 10X 5 | 20X 8 | 130X12 | 130-174X 12 |130-174X 12 | 130-174 12 
| | } | 
* Radial X tangential. 
TABLE 2 


NUMBER OF LAYERS OF CELLS IN DIFFERENT TISSUES OF APPLE FRUIT 


SEPTEM- 


TISSUE ApriL 19 | May 14 | May 25 | May 30 JUNE 11 II | Aucust 6} 
| 
Outer epidermis I | | r | I 
Cortes... 17 33 33 6 | 68-70 68-70 | 68-70 
Pitht 10 12-13 | 35-37 35-37. | 35-37 
Fleshy pericarp w all. 8-9 | g-10 I 12 
Cartilaginous pericarp wall > 6-8 | 7 | | | 
and inner epidermis. .... . 3 | 4-5 5-6 5-6 5-6 5-6 


* From outer to petal bundles. 


diametric dimensions, except for oc- 
casional large and irregular cells seen 
here and there where adjacent carpels 
abut. During the second and _ third 
months after full bloom, and apparently 
continuing until fruit ripening, the cell 
walls become greatly thickened, until at 
fruit ripening the iumen is scarcely more 
than a line (figs. 34-39). 

The cartilaginous pericarp immediate- 
ly underlies the inner epidermis (figs. 
34-39). It is derived from the layer of 
cells immediately beneath the inner epi- 


From sepal- to carpellary bundle. 


cherry and related fruits, it would not be 
surprising if this were the case. 

At full bloom the cells measure about 
6X6 in cross-section. Immediately 
after full bloom they become steadily 
more elongate, much as the cells of the 
inner epidermis, until they may reach a 
maximum length of 185 u by 58 days 
after full bloom. Cell division in radial 
direction is apparently completed by 25 
days after full bloom, for the number of 
layers of cells comprising this tissue re- 
mains at five or six after that time. Dur- 
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ing the second month after full bloom 
the cell walls begin rapid thickening, 
which progresses more slowly during the 
third and fourth months, until at fruit 
ripening the lumen is about one-fifth the 
diameter of the cells. 
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surrounding these bundles is similar to 
the condition in the sour cherry already 
described (27) but much more marked. 
In fact, in the varieties here observed the 
hardened portions of the pericarp form 
two disconnected sheets of tissue, one on 


FP 
cp 


30 
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& a 


FIGs. 29-33.—Miscellaneous carpel drawings of Twenty Ounce apple at time of full bloom: Fig. 29, 
cross-section of carpel and portion of pith, in vicinity of ventral carpellary bundle: p7, pith; 6, line of de- 
marcation between pith and carpel; fp, fleshy pericarp; ‘e, inner epidermis. Fig. 30, cross-section of carpel 
showing cell division and origin of tissues: fp, fleshy pericarp; cp, cartilaginous pericarp; fe, inner epidermis. 
Fig. 31, cross-section of region of two adjacent carpels: c;, carpel 1; ¢2, carpel 2; 0e, outer epidermis. Fig. 32, 
cross-section of fruit at stage at which carpel outline appears sharply defined: co, cortex; pi, pith; ca, carpel; 
web, ventral carpellary bundle; pb, petal bundle; dcb, dorsal carpellary bundle; sb, sepal bundle. Fig. 33, 
cross-section through ventral suture of single carpel: vs, ventral suture; oe, outer epidermis; fe, inner epi- 


dermis. 


The cartilaginous tissue is five to six 
cells thick in certain areas but becomes 
progressively thinner and finally absent 
toward the regions of the ventral and 
dorsal carpellary bundles. The absence 
of sclerenchymatous cells in the tissues 


either side of the locule, extending from 
the proximal to the distal end of the 
carpel blade. 

As the fruit nears ripening, the carti- 
laginous pericarp may become fissured 
or split, presumably owing to continued 
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growth of surrounding tissue. In some 
varieties, as Twenty Ounce, cells of the 
fleshy pericarp may become active, so 
that a callus-like tissue grows out be- 
tween the breaks in the cartilaginous lin- 
ing. This brings about the tufted condi- 
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wn 


The fleshy pericarp lies immediately 
adjacent to the cartilaginous pericarp, 
by which its inner surface is largely 
bounded. For a short distance near the 
dorsal carpellary bundle, where the 
sheets of cartilaginous tissue do not quite 


Fics. 34-39.—Cellular changes in cartilaginous pericarp of McIntosh apple: Fig. 34, 1 month before 
full bloom; fig. 35, full bloom; fig. 36, 1 month after full bloom, longisection showing elongation of cells; fig. 
37, 2 months after full bloom; fig. 384, 3 months; fig. 38B, 3 months, longisection showing elongation of 
cells; fig. 39, 4 months. ie, inner epidermis; cp, cartilaginous pericarp; fp, fleshy pericarp. 


tion noted by horticulturists as varietal 
characteristics. The splitting of the wall 
may result in an increase in the gross 
length or breadth of the cartilaginous 
carpel and explains how the measure- 
ments for such a hard tissue may show 
an increase (figs. 3, 5-28, 69). 


touch, it is bounded by inner epidermis, 
while for a short distance near the region 
of the ventral carpellary bundles it is 
bounded by a well-defined outer epi- 
dermis (figs. 31, 33). The remainder of 
the tissue is intimately associated with 
the adjacent cells of the pith but can be 
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easily recognized as a distinct tissue, 
even with the unaided eye, by lighter 
color and greater density (fig. 32). The 
fine vascular bundles which traverse it 
are especially conspicuous near the pe- 
riphery and occasionally sharply separate 
it from the pith (fig. 29). As shown by 
Kraus (12), the thickness of the tissue 
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40-45). By full bloom the portion of the 
carpel which is to give rise to carti- 
laginous tissue can be separated from the 
portion that is to remain fleshy by the 
tangential division and elongation of 
those cells. In the fleshy pericarp the 
cells increase rapidly in size for the first 
50 days following full bloom but remain 
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Fics. 40-45.—Cellular changes in fleshy pericarp of McIntosh apple from 1 month before full bloom to 
fruit ripening: Fig. 40, 1 month before full bloom; fig. 41, full bloom; fig. 42, 1 month after full bloom; fig. 43, 


2 months; fig. 44, 3 months; fig. 45, 4 months (ripe). 


varies greatly with the variety. Early 
Harvest and Twenty Ounce have a large 
fleshy pericarp while in McIntosh it is 
very small in extent, being only twelve 
layers of cells thick at its greatest. 

One month before full bloom it is not 
possible to distinguish the cartilaginous 
portion of the pericarp from the fleshy 
portion. The entire carpel wall is at that 
time made up of seven to nine layers of 
nearly isodiametric cells, about 10 u in 
diameter, except for elongate cells in the 
peripheral layers which later become 
differentiated as spiral tracheids (figs. 


isodiametric. In the region of the ventral 
suture they remain so until fruit ripen- 
ing, but throughout most of the carpel 
wall the parenchymatous cells become 
greatly elongate in a radial direction 
later in the season, very much after the 
manner of cells in the inner portion of 
the fleshy pericarp of drupe fruits (27). 
At fruit ripening these cells may average 
125m tangentially by 300m radially. 
Intercellular spaces are relatively large 
and numerous. 

Pirn.—The pith is bounded on its 
inner surface by the fleshy pericarp of the 
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carpels and on its outer surface by the 
cortex. The core line lies between the 
cortex and the pith and is variable in out- 
line for different varieties (11, 13). In 
early stages of development, particularly 
before full bloom, it is difficult to dis- 
tinguish this region. In cross-sections of 
McIntosh cut 1 week after full bloom, 
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about 18 uw. Intercellular spaces become 
prominent and remain so until fruit 
ripening. For a period of 11 days just at 
full bloom and immediately following 
there is much cell division, the number 
of layers just about doubling. For the 
next 17 days there is a less active period 
of cell division, until the maximum num- 
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Fics. 46-51.—Cellular changes in pith of McIntosh apple from 1 month before full bloom to fruit ripen- 
ing: Fig. 46, 1 month before full bloom; fig. 47, full bloom; tig. 48, 1 month after full bloom; fig. 49, 2 months; 


fig. 50, 3 months; fig. 51, 4 months (ripe). 


the core line appears as a tissue composed 
of isodiametric cells larger than either the 
pith or cortex. In later stages, however, 
these cells do not increase in size as 
markedly as those of the cortex and pith, 
so that they constitute a region of smaller 
tangentially elongate cells (17). 

The pith can be recognized as a dis- 
tinct tissue in material fixed as early as 
1 month before full bloom. At that time 
the cells are isodiametric and about 14 u 
in diameter (figs. 46-51). Intercellular 
spaces are small and not conspicuous. 
By full bloom the cells have increased to 


ber of layers of cells—thirty-five to 
thirty-seven—is reached, although this 
number may vary with season, variety, 
and size of fruit (19). 

As fruit development proceeds, the 
cells increase greatly in size (especially 
during the third and fourth months after 
full bloom), become radially elongate, 
and finally attain average dimensions of 
about 150X300 u. Intercellular spores 
are prominent and conspicuous and be- 
come progressively larger, greater in- 
crease occurring during the last month 
preceding fruit maturity. Since cell divi- 
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sions appear to have ceased in the pith 
by about 3 weeks after full bloom, in- 
crease in size of this tissue is due there- 
after solely to increase in size of cells and 
of intercellular spaces. 

Cortex.—The cortex 1 month before 
full bloom is composed of about seven- 
teen layers of isodiametric cells, with an 
average diameter of about tow (figs. 
52-57). At this stage the cortical vascu- 
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of cells, so that by that time there are 
sixty-five layers of cells about 60 yu in 
diameter. Cell division seems to be about 
completed in this tissue by 3 weeks after 
full bloom for the variety McIntosh. 
MacArtuer and WEtTMorE (16) report 
general cell division completed before 
the end of June. All subsequent increase 
is by enlargement of both cells and inter- 
cellular spaces. Cells in the central 


Fics. 52-57.—Cellular changes in cortex of McIntosh apple from 1 month before full bloom to fruit 


ripening: Fig. 
months; fig. 56, 3 months; fig. 57, 4 months (ripe). 


lar network is discernible but only 
partially differentiated. Although the 
cells increase in size from this time to full 
bloom, the significant feature of the 
period is the rapid increase in the number 
of cells, so that there are about thirty- 
three layers at full bloom, although this 
number may vary with season, variety, 
and size of fruit (19). Intercellular spaces 
are small and inconspicuous. During the 
next 2 weeks there is both rapid increase 
in cell size and also increase in number 


g. 52, 1 month before full bloom; fig. 53, full bloom; fig. 54, 1 month after full bloom; fig. 55, 2 


region of the cortex are radially elongate 
and may attain the relatively great size 
of 197X340. Those nearer the periph- 
ery are less elongate, isodiametric, or 
even slightly tangentially elongate im- 
mediately beneath the hypodermal layer, 
suggesting the condition observed in the 
cherry (27). Intercellular spaces increase 
greatly during the 2 months preceding 
fruit maturity and are a conspicuous 
feature of the thin-walled cortical tissue. 

HyPODERMAL LAYER.—The hypoder- 
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mal layer is part of the cortex imme- 
diately beneath the outer epidermis, 
characterized in the mature fruit by 
thick-walled collenchyma in which the 
protoplastic contents have become gran- 
ular in nature and are less densely pig- 
mented (figs. 58-63). Together with the 
epidermis it forms the skin of the fruit. 
One month before full bloom it cannot be 
distinguished from the adjacent cells of 
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creased tangentially four or five fold. In 
the course of development they are fur- 
ther crowded and stretched, so that any 
semblance of regularity observed in 
earlier stages becomes lost. It is often 
difficult to determine the limits of an 
individual cell or to decide whether in- 
definite areas are crushed cells or crushed 
air spaces, as described by BELL (3, 4). 
Epmermis.—The epidermis is a uni- 


Fics. 58-63.—Cellular changes in epidermis and hypodermal layer of McIntosh apple from 1 month 
before full bloom to fruit ripening: Fig. 58, 1 month before full bloom; fig. 59, full bloom; fig. 60, 1 month 
after full bloom; fig. 61, 2 months; fig. 62, 3 months; fig. 63, 4 months (ripe). ¢, trichome; cz, cuticle; e, epi- 
dermis; hy, hypodermal layer; s, intercellular space; co, cortex. 


the cortex, being composed of thin- 
walled isodiametric cells about 11 uw in 
diameter. By full bloom the walls of the 
first row or two of cells immediately be- 
low the epidermis have begun to thicken 
and have increased slightly tangentially. 
They are, however, smaller than the cells 
of the adjacent cortex and easily defined 
as a distinct tissue. Both tangential elon- 
gation and thickening of the walls con- 
tinue until the fruit has attained full size. 
At maturity the cells are scarcely larger 
in radial diameter than they were 1 
month before full bloom but have in- 


seriate layer of palisade-like cells which 
can be identified even 1 month before 
full bloom (figs. 58-63). At that time the 
cells are radially elongate, being about 
6 uw in tangential diameter and 11 uw in 
radial diameter. Together with the hy- 
podermal layer it forms the skin of the 
fruit. 

Epidermal hairs are sufficiently nu- 
merous to form a dense pubescence. 
BELL (3) has traced in detail the separa- 
tion of trichomes from one another by 
the division of the epidermal cells which 
lie between them. He has also shown the 
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manner in which the trichomes are finally 
eliminated by development of the cuticle 
beneath their bases. 

By full bloom the cells are still further 
radially elongate, 20 X8 yu, and are slight- 
ly thickened. The cuticle appears in 
cross-section as scarcely more than a line. 
From this time on, the cells become more 
tangentially elongate, until at fruit ripen- 
ing they are actually slightly smaller in 
radial diameter than they were 1 month 
before full bloom and two and one-half to 
three times as large in tangential di- 
ameter, 9 X22 uw. They remain relatively 
thin walled. 

According to BELL (3), cell division 
ceases in the variety McIntosh in Nova 
Scotia during the middle of June, when 
full bloom was June 2. TETLEY (22) re- 
ports division in Bramley Seedling on 
June 12 in material collected near Cam- 
bridge, England. 

Since it is difficult to be certain when 
cell division has been completed in tissue 
by a search for mitotic figures, the writ- 
ers resorted to counting the epidermal 
cells in a quadrant of a cross-section of 
the fruit at varying intervals, from 1 
month prior to full bloom until fruit 
ripening, for both McIntosh and Twenty 
Ounce, and multiplying this figure by 
four as though the apple were a perfect 
sphere. The figures are given in table 3, 
together with the transverse diameters 
of the cells during the period. From these 
figures it will be seen that the number of 
epidermal cells in the circumference of a 
cross-section is just slightly more than 
doubled from the twenty-fifth to the 
third day before full bloom. From the 
third day before full bloom until the 
twenty-fourth day after, it is increased 
more than six times for McIntosh and 
more than three times for Twenty Ounce. 
From then on the increase in number is 
not great but seems to continue, even 85 
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days after full bloom. It will be observed 
further that during the period when cell 
divisions are most rapid the increase in 
the tangential diameter is not great; but 
later in the season, when cell divisions 
are few if any, the tangential diameter 
markedly increases to accommodate the 
increasing surface area. 


TABLE 3 


NUMBER AND SIZE OF CELLS 
OF OUTER EPIDERMIS 


No. OF CELLS IN CIRCUM 
PERENCE OF CROSS- 


‘TRANSVERSE 
| DIAMETER 


SECTION 
Date* OF CELLS 
OF OUTER 
McIntosu TWENTY 
OUNCE 
April 19. . . 500 932 
May 14..... 112 1960 
20 8.9 
10 129 7500 7852 
12.8 
28.. 13.5 
12 15.5 8388 9276 
16.3 
Aug. 10... 21.8 8600 9716 
Sept. 11 23.8 9272 : 
28 g252 


* Full bloom May 17. 


As a final check on the accuracy of the 
measurements, average diameters of the 
cells were multiplied by the number 
counted at varying intervals. The re- 
sulting figures approximate very closely 
the circumference of the fruit at those 
times. 

Obviously such a measure, because of 
variation in samplings and other factors, 
cannot be an absolute record of the exact 
termination of cell division, but it does 
indicate that although general cell divi- 
sion throughout the fruit is completed 
fairly early in fruit development, yet cell 
division in the epidermis continues later 
at Geneva, New York, for both Mc- 
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Intosh and Twenty Ounce than has 
previously been recorded in the litera- 
ture. 

Figures 64-68 show the epidermis in 
section tangential to the surface at 
monthly intervals from full bloom to 
fruit ripening. The drawings were made 
by stripping the epidermis from the fruit, 
mounting and viewing by transmitted 
light, focusing upon the narrowest por- 


64 


67 
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integuments, and fruit. The fruit de- 
velops in three clearly defined stages: 
stage I, rapid increase for a period im- 
mediately following full bloom; stage IT, 
retarded development for a period during 
mid-season; and stage III, renewed 
rapid increase to fruit ripening. The 
nucellus and integuments reach full size 
during stage I, while the embryo remains 
microscopic. During stage II the stony 
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68 


Fics. 64-68.—Cells of epidermis in surface view from full bloom to fruit ripening. Note evidences of cell 


division. 


tion of the cell wall. If viewed in surface, 
walls appear much thicker, as shown by 
BELL (3) and TeTtLey (21), owing to the 
greater thickening of the cells at the 
corners and the crowned shape which 
many of them assume. It is interesting 
to observe the apparent pairing of the 
cells and even the quadrant appearance. 


Relation between development of em- 
bryo, nucellus and integuments, 
carpel, and entire fruit 


In the peach and cherry (23-26) there 
is an interesting relationship between de- 
velopment of the embryo, nucellus and 


pericarp hardens and the embryo makes 
rapid increase. 

As will be seen in figure 69, there are 
no such stages of growth in the apple 
fruit as measured by the over-all length. 
This might be expected, however, since 
the apple is an accessory fruit whose bulk 
is stem tissue. Within the stem portion, 
however, the carpels behave somewhat 
similar to those of the drupe fruits men- 
tioned. The carpel blade reaches full 
length relatively early, likewise the 
nucellus and integuments, while the 
embryo remains microscopic for a con- 
siderable period (7, 20) after full bloom. 
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Further, the curves of growth for the 
three varieties (Early Harvest, Mc- 
Intosh, and Rome) are similar for de- 
velopment of the embryo and nucellus 
and integuments, regardless of the fact 
that early, mid-season, and late-ripening 
varieties are represented. 
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course, as has been possible with the 
cherry and peach. Instead, the curves 
for the late-ripening Rome are some- 
what less steep, particularly for develop- 
ment of the cartilaginous portion of the 
carpel. 

The writers have the impression, how- 
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Increase in length of embryo (em), nucellus and integuments (»/), carpel (ca), and entire fruit 


fr) of Early Harvest, McIntosh, and Rome apples from full bloom to fruit ripening. 


Here the similarity ends, however, be- 
cause the embryo apparently begins 
rapid development slightly before the 
nucellus and integuments have reached 
full length, and the nucellus and integu- 
ments in turn have reached maximum 
size before the carpel blade has reached 
maximum length. Further, the curves 
cannot be interposed over their entire 


ever, that there is greater similarity be- 
tween development of the embryo, nu- 
cellus and integuments, and carpel of the 
apple and of the drupe fruits mentioned 
than these figures show. Part of the dif- 
ficulty is to secure samplings of the 
apple as uniform as possible with those 
of the peach and cherry. Fertilization 
occurs over a greater period of time with 
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the apple than with the cherry and 
plum, development of fruits from central 
and lateral blossoms in the apple in- 
florescence is different, and the num- 
ber of seeds in a carpel markedly affects 
development. The resulting variability 


masks some of the finer details of de-_ 


velopment. 
Summary 


1. Gross development and principal 
tissue changes in the fruit of the apple 
from 1 month before full bloom through- 
out the growing season to fruit ripening 
are figured and discussed, and sugges- 
tions are made regarding the methods 
and the values of measurements of vari- 
ous parts. 

2. Interpretation of the apple as five 
drupelike carpels contained within the 
fleshy torus or receptacle has seemed to 
describe the structures observed. 

3. The curve of gross development of 
the entire fruit is nearly a straight line 
for the early summer variety (Early 
Harvest), but for each successively later- 
ripening variety (McIntosh and Rome) 
the curve flattens as the season pro- 
gresses. Although perhaps associated 
with environment, the rate of growth is 
shown to be a varietal characteristic, in 
which each successively later-ripening 
variety has a slower rate. 

4. The cartilaginous portion of the 
carpels develops rapidly for 2-4 weeks 
after full bloom, reaching maximum size 
in transverse diameter the earliest of any 
of the tissues making up the bulk of the 
fruit. The fleshy portion of the carpels 
continues growth approximately 2 weeks 
longer and is the next tissue to reach 
maximum size. The pith and cortical 
regions continue growth up to fruit ripen- 
ing and constitute the bulk of the apple 
at that time. 

5. The edges of the carpels are in ap- 
proximate contact along the ventral 
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suture up to about 4 weeks after full 
bloom. In such varieties as the Twenty 
Ounce, the edges then begin to spread 
apart along the ventral suture and curve 
away from the central axis of the fruit, 
resulting in an “open core” condition. 

6. Development of the carpels re- 
sembles somewhat development of a 
drupe fruit. Each carpel is composed of 
inner epidermis, cartilaginous pericarp, 
fleshy pericarp, and outer epidermis. 

7. The cells of the inner epidermis are 
radially elongate 4 weeks prior to full 
bloom. Following full bloom the cells of 
the inner epidermis elongate rapidly 
obliquely toward the apex of the fruit 
and toward the dorsal carpellary bundles, 
except for some longitudinal strips in the 
region of the dorsal and ventral bundles. 
During the second and third months 
after full bloom the cell walls become 
greatly thickened, until at fruit ripening 
the lumen is scarcely more than a line. 

8. The cartilaginous pericarp increases 
by cell division prior to full bloom and 
by cell elongation and some cell division 
after full bloom. During the second 
month after full bloom the cell walls be- 
gin rapid thickening, which progresses 
until at fruit ripening the lumen is about 
one-fifth the diameter of the cells. There 
is an absence of sclerenchymatous cells 
in the region of the carpel bundles, so 
that the hardened portions of the peri- 
carp form two disconnected sheets of 
tissue, one on either side of the locule. 
As the fruit nears ripening the carti- 
laginous pericarp may become fissured or 
split, resulting in a tufted condition 
when parenchyma tissue grows between 
the breaks. The gross size of the carti- 
laginous carpel may increase by this 
means, even after hardening is complete. 

g. The fleshy pericarp may be dis- 
tinguished from the cartilaginous peri- 
carp at full bloom. Cell division is most 
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abundant prior to and at the time of full 
bloom. Cell enlargement follows, many 
of the cells becoming radially elongate 
and reaching 300 uw at fruit ripening, as 
compared with 10 yu at full bloom. 

10. The pith can be recognized as 
early as 1 month before full bloom. 
There is much cell division for 11 days 
just at and immediately after full bloom. 
Cell division seems to have ceased by 3 
weeks after full bloom. Increase in size 
of pith is due thereafter to increase in 
size of cells and of intercellular spaces, 
some cells reaching 150 X 300 yu. 

it. The cortical region prior to full 
bloom increases rapidly in number of 
cells, by cell division. During the next 2 
weeks there is rapid increase in both 
number and size. Cell division appears 
complete 3 weeks after full bloom, so that 
subsequent increase in size is by enlarge- 
ment of cells and of intercellular spaces, 
some cells attaining a size of 197 X 340 yw. 

12. Cells of the hypodermal layer 
can be distinguished by full bloom by 
slight thickening of the walls. Both 
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tangential elongation and thickening of 
the walls continue until the fruit has at- 
tained full size. 

13. The cells of the epidermis are 
palisade-like and readily distinguished at 
least 1 month before full bloom. The 
number of cells is more than doubled be- 
tween the twenty-fifth and the third day 
before full bloom. From the third day 
before full bloom until the twenty-fourth 
day after it increases more than six times 
and appears to continue to some degree 
until 85 days after full bloom. As the 
period of fruit ripening approaches there 
is much tangential stretching of the cells 
to accommodate the increasing surface 
area. 

14. Development of pericarp, nucellus 
and integuments, and embryo is similar 
in some details to the stages of develop- 
ment of similar parts in drupe fruits; but 
the bulk of the apple fruit, being acces- 
sory tissue, shows no such stages. 
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EFFECTS OF GROWTH-REGULATING SUBSTANCES ON SHOOT 
DEVELOPMENT OF ROSES DURING COMMON STORAGE 


PAUL C. MARTH’ 


(WITH FOURTEEN FIGURES) 


Introduction 


Roses constitute a large percentage of 
all nursery stock that is stored, and usu- 
ally the plants are stored in common 
storage houses. Such houses do not have 
mechanical means of refrigeration but 
depend upon a ventilating system to ex- 
change outside air of low temperature 
with the warm air within the house. Un- 
der these storage conditions rose bushes 
present a problem to the nurseryman, 
since their dormancy apparently is more 
readily broken than that of other nursery 
material by brief exposures to high tem- 
perature. In some years, when it is diffi- 
cult to lower the temperature within such 
houses in early winter, the bushes start 
shoot growth in December, making them 
difficult to handle properly throughout 
the storage period. If high outside tem- 
peratures occur in late winter, the tem- 
perature within the storage house also 
rises and thereby shortens the period 
that the bushes can be held safely with- 
out excessive shoot production taking 
place. Spring temperatures are also of 
considerable influence. 

The etiolated shoots that develop in 
common storage are objectionable from 
two standpoints. First, they must be re- 
moved from the plants soon after they 
develop, since they are very susceptible 
to attacks by molds and other organisms 
that infect the tender new shoots and in- 

' Assistant Physiologist, Division of Fruit and 
Vegetable Crops and Diseases, Bureau of Plant 
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vade the older stems, ultimately destroy- 
ing most of the plant tops. Second, much 
of the stored food reserves are used up in 
producing the etiolated shoots and con- 
sequently are lost from the plants upon 
their removal. 

The discovery in recent years of the 
inhibiting effect of certain chemical com- 
pounds on bud growth when applied to 
plants suggested the possibility that 
these materials might be used to prevent 
shoot growth on rose bushes while in 
storage. The experiments reported here 
were undertaken to investigate this pos- 
sibility. 


Material and methods 


A number of compounds, in a range of 
concentrations, as well as various sol- 
vents, penetrating agents, and carriers 
for applying the substances were tested 
in exploratory trials during the 1939- 
1940 storage season, using 1200 rose 
bushes of the Ami Quinard variety. 
These plants were in lots of three to 
five each. The preliminary trials indi- 
cated that development of vegetative 
buds could be inhibited, and certain 
chemical compounds were selected for 
further trial in the following storage sea- 
son. 

In 1940-1941 the same variety was 
again employed, using twenty plants in 
each treatment, a total of 3200 plants. 
They were all field-grown, no. 1 grade, 
1-year-old bushes obtained from a Texas 
nursery. Unless otherwise indicated, in 
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this season all treatments were applied to 
the dormant stems only, and following 
treatment the plants were held in com- 
mon storage for a period of 1-2 months. 
Previous to treatment the plants in all 
experimental lots were placed upright in 
>-bushel baskets and kept with moist 
peat packed around the entire root sys- 
tem. 

The seventeen compounds used are 
listed in table 1. Many of these sub- 
stances are but slightly soluble in water. 
In preliminary trials all were used at 
their maximum solubility in aqueous so- 
lution sprayed on dormant plants. Al- 
though several compounds showed a no- 
ticeable effect in delaying bud breaking 
when supplied in this way, adequate sup- 
pression of growth was not obtained with 
any of them. 

Other solvents and carriers were then 
tried, such as varying percentages (5 to 
20 per cent) of ethyl alcohol, dioxan, 
acetone, lanolin emulsion; 0.25 and 
0.125 per cent light oil emulsion, as well 
as two proprietary wax emulsions fre- 
quently used in waxing rose plants com- 
mercially. Of these carriers the wax 
emulsions proved the most satisfactory, 
for not only could the growth substance 
be used in higher concentration than in 
water alone, but the emulsion appeared 
to be less injurious to the plants than the 
alcohols and other solvents used. JONES 
and RicHEY (6) have reported that wax 
emulsions could be applied with safety to 
young tomato plants. In spraying large 
lots of plants, a small, electrically oper- 
ated, pint-capacity paint sprayer was 
used. This type of sprayer produced a 
smooth uniform film with better spray 
coverage than that obtained with several 
types of hand sprayers tested. 

The esters of naphthaleneacetic acid 
(naphthalenemethylacetate and naph- 
thalenethylacetate) volatilize readily on 


heating, and their fumes were used in 
treating plants by the vapor method. 
Another compound, naphthaleneacetoni- 
trile, was used in the same manner. 

In applying the gases it was found es- 
sential to have the rooms or containers 
airtight. It was also necessary to pro- 
vide heating equipment within such 
rooms or containers to volatilize the liq- 
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DORMANT ROSE PLANTS 
ROOTS IN MOIST PEAT 


FAN AND HOTPLATE 


Fic. 1.—Apparatus used in treating rose bushes 
with volatilized growth substance under controlled 
conditions. 


uid growth substances and a fan to de- 
velop equal distribution throughout the 
chamber. Thus, treatments were applied 
in a common nursery storage room of 
28,000 cubic feet and in a small stock- 
room of 1000 cubic feet, with openings 
sealed with putty; in 20-gallon galva- 
nized cans having tight-fitting lids sealed 
with adhesive tape; in a double-thickness 
paper-lined tongue-and-grooved wooden 
chamber of 400 cubic feet, used for cya- 
nide fumigation; in large bell jars with 
ground-glass bottoms and 2-inch diam- 
eter openings in the top; also in the 
chamber illustrated in figure 1, construct- 
ed of two 50-gallon metal drums welded 
end-to-end and with a water-sealed cover. 
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In all cases the exact capacity of the 
chamber was known, so that the concen- 
tration of growth substance could be cal- 
culated for a comparable chamber of 
1000 cubic feet capacity. In the very 
small chambers, employing low concen- 
tration of gas, a readily measurable 
weight of the substance was first dis- 
solved in absolute alcohol and the neces- 
sary quantity of this solution then add- 
ed. It was found that, upon heating, the 
pure substance would sometimes char; 
but if it were mixed with g5 per cent al- 
cohol and then placed in a shallow watch 
glass, volatilization would be complete 
without visible residue. The alcohol also 
greatly lessened the time required for 
volatilization, which was of considerable 
aid in reducing the amount of heat re- 
quired in the process. In treatments 
where it was necessary to have a con- 
trolled temperature, especially at the 
lower temperatures, avoidance of heat- 
ing was desirable. 

As well as alcoholic solutions, attempts 
were made to volatilize dry crystals of a 
number of growth substances that occur 
in crystalline form at room temperature, 
since ZIMMERMAN and HitrcuHcock (17) 
have reported that many are active when 
used in this way. These attempts met 
with little success. Although most of the 
substances tried could be volatilized to a 
greater or less degree, considerable re- 
crystallization and charring took place. 
Under these circumstances the exact con- 
centration of gaseous growth substance 
would be difficult to determine and re- 
peat under a given set of conditions. For 
this reason, with the gaseous applications 
emphasis was placed on the use of the 
esters of naphthaleneacetic acid in alco- 
holic solution. These volatilize with a 
minimum of heat application and leave 
no visible residue. This is also true of the 
naphthaleneacetonitrile compound. 
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In most of the preliminary experi- 
ments in 1939-1940 the plants were 
moved to the greenhouse immediately 
after applying the growth substance. 
Greenhouse forcing was employed in or- 
der to speed up the testing of a great 
number of compounds at varying con- 
centrations as well as the effect of the dif- 
ferent carriers. Any delay in shoot devel- 
opment in a given treatment, as com- 
pared with similar control plants, was 
then used as a measure of the effective- 
ness of the particular treatment on inhi- 
bition. 

To compare the effectiveness of the va- 
rious treatments, data on number and 
length of shoots were taken on an indi- 
vidual-plant basis at weekly intervals 
during the storage tests. At the same 
time, record was made also of the length 
of the injured portions of the canes on 
each plant. 

In order to compare the effect of treat- 
ments on dormancy, sections of the stems 
were examined for starch disappearance 
by the IKI test. These sections were ob- 
tained from the stock portion of a num- 
ber of plants exhibiting varying stages of 
cane maturity. Ten sections were chosen 
to represent a range in relative starch 
content in ten arbitrary gradations, on a 
scale from 0 to 100 (fig. 2). The sections 
were made freehand with a sharp straight- 
edge razor, from material killed by boil- 
ing in 85 per cent alcohol. After staining, 
the sections were mounted on glass slides 
in 50-50 alcohol-glycerin, with cover 
glasses sealed by paraffin to make semi- 
permanent mounts. The original mate- 
rial from which each of the ten sections 
was made was held in 85 per cent alcohol 
and used for new standard sections 


throughout the period of sampling, so 
that any changes in the standard could 
be detected. 

Figure 2 shows a camera lucida draw- 
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ing of all sections except the 100 grada- 
tion, since no section was found scoring 
that high. Scoring for relative starch con- 
tent was made separately on bark (fig. 
2A), which included all tissues exterior to 
the cambium (fig. 2B); on wood (fig. 2C), 
composed of xylem tissues from the cam- 
bium to the pith; and on the pith (fig. 2D). 


\ / 


50 60 


MARTH—ROSES 29 


a standard slide was placed on the stage 
of a microscope side by side with slides 
containing freehand sections of the ma- 
terial being examined. Each section was 
thus matched to the nearest correspond- 
ing standard, using a magnification of 10. 
In the beginning twenty sections were 
made of each plant part, but later so 


Fic. 2.—Camera lucida drawing of cross-sections of rose stocks used as standards for comparison in esti- 
mating relative starch content by the IKI method: A, bark and cortex region; B, position of cambium in 


respect to other tissues; C, wood; D, pith. 


A random sample of twenty plants was 
selected from each lot at each sampling 
period. Segments about 1 inch long were 
taken of each plant from the base of the 
canes, from the mid-portion of the stock, 
and from the roots at their juncture with 
the stock. These segments were dropped 
into separate flasks containing 85 per 
cent alcohol and boiled for 30 minutes in 
a waterbath. After cooling, the segments 
were ready for estimation of relative 
starch content, which was made on the 
same day that the samples were taken. 
For estimating relative starch content, 


little variability was found within a par- 
ticular segment that this number was re- 
duced to ten. 


Experimental results 


The 1060 bushes used in the principal 
experiment were separated into fifty- 
three uniform lots of twenty plants each. 
Application of each compound at three 
concentrations, 0.005, 0.01, and 0.05 per 
cent, respectively, in wax emulsion was 
used on each lot of twenty plants. Two 
additional lots of twenty plants each 
were used for controls, one of which was 
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sprayed with wax emulsion only and the 
other left unsprayed. The sprays were 
applied on February 26, 1941, and the 
plants were placed in common storage. 
By April 18, 41 days later, the control 
lots, as well as many lots treated with 
growth substance, had produced consid- 
erable shoot growth (fig. 3). The number 


Fic. 3.—Effect of growth-regulating substance 
on bud inhibition (Ami Quinard): A, control; B, 
plants sprayed with wax emulsion of naphthalene- 
methylacetate. Sprays applied February 26, 1941; 
plants placed in common storage and photographed 
April 18. 


and length of shoots produced per plant 
under the different treatments were re- 
corded on this date. After removing all 
shoots that had developed in storage, the 
plants were removed from containers and 
potted in soil in 6-inch pots. The plants 
were then randomized on a bench in a 
greenhouse kept at 65°—-70° F. 

In table 1 the compounds have been 
arranged in the order of their relative 


[SEPTEMBER 


effectiveness in preventing shoot elonga- 
tion during common air storage. The two 
esters of naphthaleneacetic acid were 
more effective than the acid itself. At the 
0.005 per cent concentration of the meth- 
yl ester complete dormancy was main- 
tained (fig. 3), as was also the case with 
plants treated at this concentration with 
the ethyl ester. Both esters were also 
found to be very effective when applied 
in the gaseous state, which was also true 
of naphthaleneacetonitrile. Indoleacetic 
acid, indolebutyric acid, and naphthalene 
acetamide, compounds widely report- 
ed for their root-promoting effects on 
cuttings, were about equally effective in 
preventing shoot growth on the rose 
plants, with the amide proving superior 
at the o.o1 per cent concentration; but 
none of these compounds was as effective 
as the esters of naphthaleneacetic acid. 

Some injury was apparent on all lots 
treated with 0.05 per cent concentration 
of every compound except indolepropi- 
onic and phenylacetic acids and tetralin- 
6-acetamide. No injury resulted, even 
with the highest concentration of each of 
these three compounds, neither was there 
any apparent inhibiting effect on shoot 
development. On the contrary, there was 
marked and significant increase in the 
number of vegetative shoots produced by 
each of these compounds at the lowest 
concentration (0.005 per cent). Stimulat- 
ing effects on vegetative shoot produc- 
tion by phenylacetic acid have been not- 
ed also on potato tubers (17). 

After the plants had been in the green- 
house 14 days, the lots that had received 
effective growth-substance treatments in 
common storage continued to show pro- 
nounced slowness of development of veg- 
etative buds. This “hold-over’’ retarda- 
tion is illustrated by the appearance of 
the controls and treated lots shown in 
figure 4. 
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Data on mean number of shoots pro- 
duced after 21 days in the greenhouse are 
shown in table 1. With the great differ- 
ences found necessary for significance 
(21.5 at the 5 per cent level), none of the 
treatments applied in common storage 
induced significantly greater or less num- 
ber of shoots after the plants had been in 
the greenhouse for 21 days following 
common storage. ‘The extreme variabili- 
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will again express itself by shoot produc- 
tion. 

The plants that suffered cane injury 
from 0.05 per cent growth-substance 
wax-emulsion sprays in storage (naph- 
thaleneacetonitrile 0.05 per cent treat- 
ment)—and therefore had considerable 
top removed when potted—apparently 
had sufficient dormant buds at the base 
of the canes to produce numerous shoots 


Fic. 4.—Growth of plants (Ami Quinard) after removal to greenhouse, showing continued inhibition of 
buds by treatment in storage. A, control; B, treated by spraying with wax emulsion of 0.01 per cent naphtha- 
lenemethylacetate. Sprays applied February 26, 1941; plants held in common storage until April 18. Photo- 


graph taken after 14 days in greenhouse. 


ty of these data with regard to number of 
shoots was unquestionably due to a 
marked reduction in number of shoots on 
certain plants owing to strong apical 
dominance of the uppermost buds, irre- 
spective of prior treatment. These plants 
produced several strong-growing shoots 
which appeared to inhibit the remainder 
of the vegetative buds on their canes. 
This behavior threw plants with many 
and plants with few shoots into the same 
or different lots in an unpredictable man- 
ner. It would seem from these data that 
growth-substance treatments may com- 
pletely mask individual plant variation 
as to shoot production in common stor- 
age; but that in the greenhouse, after the 
effect of the treatment has been removed 
or dissipated, individual plant variability 


per plant (table 1). The greenhouse con- 
ditions of this experiment provided hu- 
midity and temperature control of the 
air as well as control of the soil and its 
moisture content, within relatively nar- 
row limits. Under these conditions the 
controls and plants from ineffective stor- 
age treatments grew remarkably well. 
This is in direct contrast with the field- 
planting results obtained with plants 
from similar treatments of the same va- 
riety of rose. Under field conditions tem- 
perature and moisture of the soil and air 
are not readily under control to insure 
optimum conditions for the growth of 
roses— plants readily injured by less than 
optimum growing conditions. The control 
plants, with very low reserve after stor- 
age, owing to the number of shoots re- 
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moved before transplanting, grew poorly 
when field planted, whereas the lots re- 
ceiving growth substances made excel- 
lent growth. 
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the stock portion of the plant, where 
there is thicker and more suberized bark 
than on either the roots or the canes of 
rose plants. 


TABLE 1 


[EFFECTIVENESS OF COMPOUNDS IN INHIBITING SHOOT GROWTH OF AMI QUINARD ROSE BUSHES 
HELD IN COMMON STORAGE, AND SUBSEQUENT SHOOT GROWTH ON SAME 
PLANTS AFTER 21 DAYS IN GREENHOUSE AT 65°-70° F. 


MEAN NUMBER OF SHOOTS PER 
PLANT DEVELOPED IN STORAGE 
(22/6 TO 4/18)* 


CHEMICAL COMPOUND 


MEAN NUMBER OF NEW SHOOTS 
| PRODUCED PER PLANT AFTER 21 
| DAYS IN GREENHOUSE 

| (4/18 To 5/8) 


PERCENTAGE CONCENTRATION 


0.05 
a-naphthalenemethylacetate. . 
a-naphthalenethylacetate 
a-naphthaleneacetonitrile 
a-naphthaleneacetic acid 
a-naphthalene acetamide 
B-indoleacetic acid. 
8-indolebutyric acid 
Potassium naphthaleneacetate 
Sodium naphthaleneacetate 
3-naphthoxyacetic acid . 


ote) 
ele) 


0000 
° 


19.90 
B-indolepropionic acid 25-75 
a-naphthalenemethylthiocyanate 26.40 
a-naphthalenemethylisothiocyanate 29.75 
Tetralin-6-acetamide. 35.60 
Phenylacetic acid fre 41.60 
a-naphthalenethio acetamide 42.30 
a-naphthalenepropionic acid 43.10 


Control (emulsion spray only) 
Control (not sprayed)... .. 


* Mean of 20 plants. Differences necessary for significance at: 


EFFECT OF GROWTH-SUBSTANCE WAX- 
EMULSION SPRAYS ON BUD INHIBITION 
WHEN APPLIED TO TOPS ONLY, TO 
STOCKS ONLY, AND TO ROOTS ONLY 


Experiments were undertaken to de- 
termine whether application of the wax- 
emulsion growth sprays to the roots or to 
the stock portion of plants would be ef- 
fective in inhibiting shoot formation. 
There would appear to be less likelihood 
of injury, especially with applications to 


PERCENTAGE CONCENTRATION 


0.01 0.005 0.05 0.005 
©.00 ©. 00 27-55 35.60 44.95 
©.00 26.90 34.15 49.10 
.00 I1.10 21.45 39.10 47.85 
0.00 12.95 31.50 48.75 49.80 
4.25 30.40 46.40 49.70 45.85 
5.65 38 20 42.75 46.50 52.25 
12.60 | 40.45 45.40 52.30 50.65 
15.65 41.70 42.60 45.70 30.40 
19.85 48.35 32.00 38.75 31.55 
35.75 48.50 40.65 35-45 38.10 
30.10 70.65 51.60 | 56.80 35.45 
38.70 45.85 42.60 47.85 40.30 
39.35 | 41.50 42.00 | 47.45 39.60 
54.15 60.40 42.70 | 36.85 31.70 
49.90 68.45 | 37.90 40.05 24.60 
49.95 48.10 | 32.60 | 38.75 31.55 
49.80 47.65 | 38.70 | 39.45 2.50 
| 
48 40.60 
40.55 47.25 
level 68 | level 21.5 
level 1°; level 29.7 


Snow (13) and WENT (16) have re- 
ported that bud inhibition was increased 
with increased distance from the source 
of the inhibiting substance. SNow used 
the effect on the apical bud itself as a 
measure of inhibition of lateral buds. 
WENT used indoleacetic acid-lanolin 
paste in his experiments on etiolated pea 
stems. If their findings should hold for 
the rose bushes, the implication is obvi- 
ous that such treatments would be most 
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effective if made either to the roots or to 
the stock portion of the plant rather than 
to the canes. The work of Stuart (14) 
and others with cuttings has also demon- 
strated that the inhibiting effect of 
growth substance will move upward in 
plants, since the cuttings were treated at 
the base and the terminal buds above 
were inhibited. 

To test the inhibiting effect on buds 
when the substances were applied to 
parts other than stems, four lots of twen- 
ty plants each, similar to those used in 
the previous wax-emulsion spray experi- 
ment, were selected and handled in a 
similar manner so that direct comparison 
could be made. One lot of twenty plants 
received 0.01 per cent naphthaleneacetic 
acid in wax emulsion sprayed on the stem 
portion of the stocks only. The roots and 
tops were protected from the spray by 
covering them with heavy waxed paper 
sealed tightly with adhesive tape. An- 
other lot received the same spray appli- 
cations to the roots only, by similarly 
protecting the stems of the stocks and 
canes. A third lot received the spray ap- 
plication to the tops only, the roots and 
stocks having been covered with sand- 
peat mixture overlaid with sealed wax 
paper. In addition, an unsprayed control 
lot was included. 

In setting up the experiment, the sur- 
face area of top to roots was adjusted by 
pruning, so that the amount of spray 
which adhered to these two parts was 
fairly comparable. No such adjustment 
could be made with the surface area of 
the stock portion of the plants, except as 
could be done by selecting those with 
long stem stocks—6-8 inches in length. 
The plants receiving spray application 
to this portion only necessarily received 
somewhat less growth substance. 

The sprays were applied on February 
26, 1941, and the plants were placed in 


common storage immediately after treat- 
ment. Data obtained on mean number of 
shoots developed on plants in the differ- 
ent treatments by April 18 indicated that 
treatment was most effective when ap- 
plied directly to the vegetative buds, as 
shown by the following summary of the 
results: spray applied to tops only, 0.00 
shoots; to stocks only, 38.65 shoots; to 
roots only, 42.68 shoots; control (not 
sprayed), 40.55 shoots. 

Root growth was apparently inhibited 
in plants that received spray to the roots 
only, for at the end of the storage period 
the roots of these plants were callused at 
the cut surfaces but had produced no 
new root growth; all other lots had new 
roots showing on each plant. BONNER 
and KoeprtLi (2) have also noted inhibi- 
tion of roots from auxin application. 


USE OF VAPORS OF GROWTH-REGU- 
LATING COMPOUNDS 


Other experiments (17, 5) had indicat- 
ed that under greenhouse temperature 
conditions sufficient volatilization of 
naphthalenemethylacetate will take place 
to cause growth curvature responses on 
herbaceous plants and bud inhibition of 
potato tubers without the application of 
additional heat to cause rapid vaporiza- 
tion of this compound. The rate of vola- 
tilization under the relatively low com- 
mon-storage temperatures would be slow 
in comparison with normally high green- 
house temperatures. 

Forty rose plants were therefore used 
to determine whether slow continuous 
volatilization of growth substance would 
cause bud inhibition with plants in com- 
mon storage. The experiment was start- 
ed March 27, 1940. Two lots of twenty 
plants each were placed in separate 20- 
gallon refuse cans having tight-fitting 
lids. Thirty-five mg. of naphthalenemeth- 
ylacetate absorbed on a piece of paper 
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toweling was suspended 1 foot above the 
plants in a can. Plants in another can 
served as controls. The cans were sealed 
and placed side by side in common stor- 


Fic. 5.—-Effect of treatment on mold growth: 
17, control plants; 19, plants treated with regulating 
substance. Both lots held in common storage. 
Treatment began March 27, 1940, when both lots 
were dormant; they were photographed May 1. Con- 
trols show much more shoot and mold growth than 
treated plants. 


age. When opened on April 15 (19 days 
after treatment), the controls had pro- 
duced an average of 9.3 shoots per plant, 
varying in length from 1 to 12 inches, 
whereas the plants exposed to the vapors 
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were completely dormant. Ten plants 
were removed from each can at this time, 
with the etiolated shoots removed from 
the controls, and placed in the green- 
house for observation, while the remain- 
ing ten plants were left in common stor- 
age after resealing the cans but without 
adding more growth substance to the 
toweling. After 16 days (May 1) in the 
greenhouse both control and treated lots 
had made vigorous growth and were very 
similar in appearance. No evidence of 
plant injury attributable to the growth 
substance was found. 

The remaining plants that had been 
left in common storage were removed 
from the cans on May 1. Differences in 
response of typical control and treated 
plants are shown in figure 5. It is appar- 
ent that the treated plants were just 
starting active growth at this time, 
whereas the controls had produced long 
etiolated shoots. Mold growth also was 
apparently inhibited by the vapors. This 
suppression of mold growth may possibly 
have been due to a better cailusing of the 
cut surfaces shown in the treated lot or to 
a direct inhibiting action by the vapor 
treatment. 


EFFECT OF CONCENTRATION OF VOLA- 
TILIZED GROWTH SUBSTANCES ON DOR- 
MANCY, CANE INJURY, AND GROWTH OF 
MOLDS 


Preliminary treatments with the va- 
pors of several substances in 1939-1940 
indicated that three compounds, naph- 
thalenemethylacetate, naphthalenethyl- 
acetate, and naphthaleneacetonitrile, 
were outstanding and about equal in ef- 
fectiveness in inhibiting the growth of 
vegetative buds on rose bushes in com- 
mon storage. Further to test these three 
compounds for better evaluation, they 
were again used in 1940-1941 in a wider 
range of concentrations and with twenty 
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plants in each treatment. The vapor of 
each compound was applied at the rate 
of 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0, and 3.0 
gm. per 1000 cubic feet for 16 hours at 
jo F. The plants were treated on March 
12, 1941, and placed in common storage. 
The compounds and treatments used are 
given in table 2, together with data on 
shoot production and cane loss found 
when the plants were examined on 
May |. 
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pounds caused an increase in number of 
shoots produced per plant in comparison 
with the controls. From the standpoint 
of bud inhibition, therefore, these results 
suggest that of the three compounds ap- 
plied as vapors the two esters appear the 
more effective. 

Injury from a relatively high concen- 
tration of growth substance was noted 
early in the experiments; it may result 
in severe cane loss (table 2) while the 


TABLE 2 


COMPARISON OF VOLATILE GROWTH SUBSTANCES BASED ON SHOOT GROWTH AND CANE LOSS 
WITH AMI QUINARD ROSE BUSHES HELD IN COMMON STORAGE. TREATED MARCH 


12, 1941; DATA OBTAINED AT END OF STORAGE PERIOD (MAY 1) 


CONCEN- 
TRATION OF NAPHTHALENEMETHY LACETATE N APH THALENETHY LACETATE N APH THALENEACETONITRILE 
GROWTH 
SUBSTANCE 
IN GRAMS 
PER 1000 | | 
CUBIC FEET MEAN NUMBER MEAN PERCENT- MEAN NUMBER | MEAN PERCENT- MEAN NUMBER | MEAN PERCENT- 
160 HOURS SHOOTS PER AGE DEAD CANES SHOOTS PER AGE DEAD CANES SHOOTS PER | AGE DEAD CANES 
AT 70°F ., PLANT: S.E. PER PLANT: S.E.* PLANT: S.E. | PER PLANT: S.E. PLANT: S.E. PER PLANT: S.E. 
AS GAS) | 
©.100 | 90.7+17.87 | 56.70+11.20 | 86.4418 14 | 65 40+ 7.65 74.6+ 8.42 | 49.90+14.81 
0.200 | 25.64 5.86 38.80+ 8.41 | 32.5+ 9.30 | 29.90+ 6.90 | 68.5414 35 | 46.65412.45 
©. 300 | 2.02 0-41 6.53 16:32 2:06 | | 28.82 7.02) 14-305 
©. 400 | 0.0+ 0.00 | 11.90+ 3.03 | 0.0+ 0.00 | 2.32 | 3.4 0.45 4.45+ 0.84 
©.500. ©.0+ 0.00 | 29.15+ 4.97 ©.0+ 0.00 | 32.65+16.41 | 0.0+ 0.00 | 26.35+11.50 
1.000... ©.0+ 0.00 | 48.42+12.81 ©0.0+ 0.00 | 54.40+18.71 | 0.0+ 0.00 | 60.70+14.40 
2.000... ©.0+ 0.00 | 65.75+ 2.90 | 0.0+ 0.00 | 76.74+ 4.90 | 0.0+ 0.00 | 82.50+ 2.13 
3.000... ©.0+ 0.00 | 90.504 0.75 | 0.0+ 0.00 | 84.90+ 2.35 | ©0.0+ 0.00 | 98.go+ 1.56 
Control.| 65:8 7.83 |. 45.8 © S.62 | 


* Twenty plants per treatment. Percentage dead canes calculated from length of dead to total cane length per plant. 


Comparison of shoot production on 
the plants on this date (table 2) shows 
that both esters were more effective than 
the nitrile, the esters having caused com- 
plete bud inhibition when applied at the 
rate of 0.4 gm. per 1000 cubic feet, while 
with the nitrile the rate necessary to 
cause complete inhibition was 0.5 gm. 
Further, the methyl ester was slightly 
superior to the ethyl ester (comparing 
both at the o.3-gm. concentration). At 
the lowest concentration (0.1 gm. per 
1000 cubic feet), however, all three com- 


plants are in common storage. The in- 
jury was noticeably different in the con- 
trol lots as compared with the treated 
lots. In the former the 45.8 per cent in- 
jury (table 2) was largely due to cane 
destruction by disease organisms, start- 
ing in the tender etiolated shoots and 
progressing into the canes. Material in- 
jured by substances applied in strong 
gaseous concentrations was first evi- 
denced by the appearance of small black 
sunken areas in the internodal regions at 
and near the ends of the canes. With the 
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three compounds applied as gases at high 
concentrations of 1, 2, and 3 gm. per 1000 
cubic feet, injury extended over the en- 
tire length of the canes, usually resulting 
in death (fig. 6B). 


4 


Fic. 6. 
and uninjured Ami Quinard rose stems with slightly callused ends after 60 days in common storage, re- 
sulting from low concentration of 0.3 gm. per 1000 cubic feet naphthalenemethylacetate. B, almost com- 
plete killing of canes as result of application of same compound at rate of 1 gm. per 1000 cubic feet. 
showing characteristic black pitting type of injury. 


The reduction in amount of cane loss 
found on plants treated with 0.3 gm. 
naphthalenethylacetate per tooo cubic 
feet would suggest that this compound 
had some direct fungicidal action (fig. 
6A). To determine this, media were pre- 
pared by cutting the canes into }-inch 
lengths, boiling them in water in 200-cc. 
flasks for 1 hour, and autoclaving to 
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sterility. These media were then trans- 
ferred to large g-inch sterile culture 
dishes, so that a single layer of the cane 
pieces covered the bottom of each dish. 
The dishes were then inoculated with a 


Appearance of injury due to highly concentrated volatilized growth substance: A, dormant 


pure culture of Botrytis sp. (of the cinerea 
type),? a mold organism obtained from 
badly infected rose bushes. 

After standing overnight, the mold 
had developed and covered an area about 
1 inch in diameter. Ten dishes for each 


2 Dr. J. S. Cootey kindly prepared the pure cul- 
ture of this organism and was freely consulted on the 
pathological phases of the problem. 
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treatment were then selected and treated 
with naphthalenethylacetate at the rate 
of 0.3, 0.5, and 1 gm. per 1000 cubic feet, 
respectively, for 17 hours at 70° F. Sub- 
sequent to treatment, the dishes, to- 
gether with ten inoculated controls, were 
moved into the common storage room, 
which was maintained at 38°—42° F. 
The time, in days, required for mold 
completely to cover the media in the bot- 
tom of the dishes was used as an index of 
the effectiveness of treatment. The fol- 


the 1-gm. treatment, may prove helpful 
in suppressing mold on plants in common 
storage. The data in table 2, however, 
show that application of both concentra- 
tions of naphthalenemethylacetate to in- 
tact rose bushes resulted in moderate to 
severe cane injury. 

Plants treated with the relatively high 
concentration of 1.0 gm. naphthalene- 
methylacetate also showed heavy callus 
formation in addition to injury. Some 
callus formation would appear desirable, 


Fic. 7.—-Suppression of mold growth on rose cane media by growth substance: A, control; B, treated 
with 1.0 gm. naphthalenemethylacetate per 1000 cubic feet. Both lots held in common storage after treat- 


ment. Photograph taken after 12 days. 


lowing results were obtained: The con- 
trol dishes developed mold growth in 
2-4 days, with a mean of 2.5 days; 0.3- 
gm. concentration of growth substance 
ranged 12-15 days, with a mean of 12.4 
days; 1-gm. concentration ranged 15-21 
days, with a mean of 17.7 days. These 
results indicate that the treatments had 
pronounced delaying action on mold 
growth, which is further shown in figure 
7. Complete mold destruction, however, 
was not accomplished in any of the treat- 
ed dishes. It is possible that the delay in 
mold growth, amounting to 12 days in 
the o.5-gm. treatment and 17.7 days in 


since it tended to seal the cut ends of the 
canes and prevent entrance of mold or- 
ganisms. Too much, however, would de- 
plete stored food reserves similar to de- 
pletion caused by shoot growth on the 
untreated controls. 


EFFECT OF TEMPERATURE, LENGTH OF 
TREATMENT INTERVAL, AND CONCEN- 
TRATION OF GROWTH SUBSTANCE ON 
DORMANCY 


The temperature within common stor- 
age houses fluctuates widely during the 
storage season. It may extend from 
about 32° to 50 F. in the same season. 


ie 
a 
nt 
re- 
m- 
et, 
m 
Id 
ut 
h 
ul- 
he 


38 BOTANICAL GAZETTE 


When it is possible to maintain common 
storage at temperatures of 32°38 F., 
the nurseryman usually encounters little 
difficulty in holding rose bushes in a dor- 
mant condition during the normal stor- 
age season. Beginning about April 1, 
however, and in some years somewhat 
earlier, the temperature of common stor- 
age houses rises to 40° F. and above. Rose 
bushes will show some vegetative activity 
after prolonged storage, even at 32° F.; 
at 40 F. and above, shoot production is 
usually rapid. 

In view of the published information 
relative to the effects of temperature dur- 
ing treatment with growth substance, it 
would seem necessary—in order to pro- 
long dormancy of rose bushes either to 
remove the bushes from storage to a 
warm room or to raise the temperature 
of the storage itself during treatment. 
The former would involve the use of con- 
siderable extra labor, since many of the 
houses normally store up to several mil- 
lion bushes, while the latter method 
would not be desirable because of the 
length of time necessary to bring the 
storage house back to favorable tempera- 
ture. An experiment with a gaseous 
method of application was set up to de- 
termine to what extent lengthening of 
the treatment interval or increase in con- 
centration of growth substance might 
tend to increase the effects under low 
temperature. 

The temperatures selected for treat- 
ment were 32° and 4o F., to represent 
conditions encountered under common 
storage. Similar sets of plants were treat- 
ed at 70 F., to represent treatment at 
normal room temperature. In the experi- 
mental set-up, thirty-six lots of bushes, 
composed of twenty plants per lot, were 
used. The temperatures, treatment inter- 
val, and concentrations of growth sub- 


stances are shown in table 3, as well as 
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the mean number of shoots produced on 
plants in the different lots by May 5, 
1941. By this date the mean number of 
shoots per plant on the control lots was: 
32°F., 67.0+8.24; 40 F., 62.4+6.00; 
70 F., 65.8+ 7.83. 


TABLE 3 
EFFECT OF CONCENTRATION OF GROWTH SUB- 
STANCE, TEMPERATURE, AND LENGTH OF 


TREATMENT: INTERVAL ON NUMBER Ol 
SHOOTS DEVELOPING ON AMI QUINARD ROSE 
BUSHES DURING COMMON STORAGE. TREATED 
MARCH 12-17, 1941. MEAN* NUMBER DEVEL- 
OPED BY MAY 5 


MEAN NUMBER OF SHOOTS 


Temper- | LENGTH | 
' PER PLANT 
ATURE ! OF 
DURING TREAT- 
TREAT- MENT 
0.10 0.30 | 0.50 1.0 
MENT (HOURS) 
| GRAMT GRAM GRAM GRAM 
H I /115.25 | 98.15 | 90.42 | 22 65 
eae + 4 98.50 | 40.75 | 26.47 6.20 
16 79.7§ | 10.30 | 3-50] 3.05 
I 75.00 28.46 | 16.00 | 15.12 
| 80.94 11.25 4.50 0.00 
| 16 | 83.60 0.00 1.50 | 0.004 
| 75.35 | 12.64 5.24 | 0.0of 
70° I 4 | 79.00 7.Q2 6.95 | 0©.00f 
16 75.26 3.98 | | 


* Twenty plants per treatment. 

t Concentration of naphthalenemethylacetate gas per 1000 
cubic feet. 

t Severe plant injury. 

Difference necessary for significance at 5‘; level, 7.43; at 
level, 11.93. 

The plants showed much variability, 
as indicated from the fact that at the 5 
per cent level differences of 7.4 shoots 
were required for. significance, while at 
the 1 per cent level this was increased to 
11.9 shoots for highly significant differ- 
ences. 

The data in table 3 indicate that treat- 
ment will effectively control shoot 


growth on rose bushes in storage, even 
though such application is made at 
32° F., as both o.50-gm. and 1.00-gm. 
concentrations per 1ooo cubic feet were 
effective when applied over a 16-hour pe- 
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riod. The higher (1.00 gm.) concentra- 
tion would not be considered safe to use, 
however, since considerable cane injury 
took place in several lots receiving this 
amount of the same substance (fig. 6B). 
Thus treating at 32° F., the 0.3-0.5-gm. 


Fic. 8.—Effect of temperature in storage house 
on response to treatment: A, control plants (Ami 
Quinard); B, similar plants treated with 0.3 gm. 
naphthalenemethylacetate for 16 hours at 40° F. 
Treated March 17, 1941, and both lots held in com- 
mon storage. Photographs taken May 1. 


concentration with 16-hour treatment in- 
terval would appear preferable, since it 
was equally effective and not so likely to 
induce injury. 

Bushes treated at 4o F. were kept 
completely dormant by the 0.3-gm. con- 
centration applied over a 16-hour period 
(fig. 8). Similar plants treated for 4 hours 
with 0.5 gm. of the same substance were 
not significantly different in shoot growth 
at the 1 per cent level. 

No significant benefit in shoot inhibi- 
tion was found from extending the treat- 
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ment interval beyond 1 hour when 
growth substance was applied at 70° F., 
except possibly in comparing 1 hour with 
16 hours at the 0.3-gm. concentration 
(table 3). 

Applications of 0.10 gm. of naphtha- 


Fic. o. 
of low concentration and injurious effect of high con- 


Stimulating effect on shoot production 


centration of growth substance: A, Ami Quinard 
plants treated with volatilized naphthalenemethyl- 
acetate, 0.10 gm. per 1000 cubic feet for 1 hour at 
32° F.; B, similar plants severely damaged by 1.0 
gm. per 1ooo cubic feet for 16 hours at 40° F. 


lenemethylacetate at each of the three 
temperatures and for each of the three 
intervals of treatment not only did not 
inhibit shoot production but appeared to 
cause stimulation (fig. 9), as comparable 
control plants included in another ex- 
periment produced a mean of 65.8 shoots 
per plant. A similar effect has been noted 
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by BENNETT and SkoocG (1) and by 
VeGIs (15). The most pronounced stim- 
ulation occurred in plants treated with 
0.10 gm. of growth substance for 1 hour 
at 32 F. In this lot almost every bud ap- 
peared to break and produce shoots, so 
that by the end of the storage period a 
mean of 115 shoots per plant had devel- 
oped (fig. 9). 


EFFECT OF APPLYING GROWTH- 
REGULATING SUBSTANCE IN 
PARTIAL VACUUM 


A partial vacuum was used to deter- 
mine whether, by causing better gaseous 
penetration of the growth substance be- 


TABLE 4 
MEAN NUMBER OF SHOOTS ON TWENTY ROSE 
BUSHES HELD IN COMMON STORAGE 60 DAYS, 
FOLLOWING TREATMENT WITH GROWTH SUB- 
STANCE VOLATILIZED IN PARTIAL VACUUM 


CONCENTRATION NORMAL ATMOS- 


PARTIAL VACUUM 
PHERE PRESSURE 


OF NAPHTHA 


LENETHYLACE 17 HOURS 
TATE 
(GM. PER 1000 
CUBIC FEET) MEAN S.E.M. MEAN S.E.M. 
0.100. 90.7 | £17.87 | 82.4 | 419.42 
©. 200 25:0) | 20.3 | 6:95 


tween the bud scales of dormant buds, 
the effectiveness of a given concentration 
might be increased. This would permit 
the more effective use of a lower concen- 
tration of growth substance, with the 
added advantage of little or no plant in- 
jury. 

Two lots of bushes of twenty plants 
each were treated with naphthalenemeth- 
ylacetate gas in a partial vacuum of 
0.7 atmosphere at the rates of o.1 and 
0.2 gm. per 1000 cubic feet, respectively, 
for 17 hours at 70° F. The lower concen- 
tration was applied on March 11, the 
higher on March 12. 

As shown in table 4, treatment in par- 
tial vacuum did not increase significantly 
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the effectiveness of low concentration of 
substance. There was a slight reduction 
in actual number of shoots in both lots 
treated in partial vacuum, which may in- 
dicate a tendency for slight beneficial 
effect. In connection with other experi- 
ments, it was noted that the gas appeared 
to condense on surfaces nearest the gas 
source. Considering the very minute 
quantities used, it is possible that this 
may have occurred and offset any ad- 
vantage obtained from reducing the at- 
mospheric pressure. 


EFFECT OF GROWTH-REGULATING SUB- 
STANCE ON RELATIVE RATE OF STARCH 
DISAPPEARANCE IN PLANTS DURING 
COMMON AND COLD (32° F.) STORAGE 


The growth of plants after storage 
is often materially influenced by the 
amount of stored reserves remaining in 
them at the end of the storage period. 
An experiment was conducted to deter- 
mine whether growth-regulating sub- 
stance would influence the rate of starch 
loss during storage. 

Plants that had received a gaseous ap- 
plication of naphthalenemethylacetate at 
the rate of 0.5 gm. per 1000 cubic feet for 
16 hours at 70° F. on March 10, 1941, 
were placed in both common and cold 
(32° F.) storage, together with compa- 
rable untreated controls. Periodically at 
2-week intervals thereafter (until May 5) 
twenty plants were removed from each 
lot and estimations made of the relative 
starch content of the individual plants 
by the IKI method previously described. 

As shown in figure 10, rapid disap- 
pearance of starch had taken place from 
the stocks of the common storage control 
plants 14 days after treatments were ap- 
plied. Apparently the experiment was 
started very near the critical period for 
starch disappearance. A proportionally 
greater amount of starch was found 
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stored in the wood of the stock through- 
out the entire storage period than in 
either bark or pith tissues. The small 
amount present in the bark was first to 
disappear, and growth substance appar- 
ently had slight or no effect on its rate of 
loss. 

The rate of disappearance of starch 
from the wood with plants held in com- 
mon storage was markedly reduced by 
growth-substance treatment, which was 
similar to the reduction in starch loss re- 
sulting from storage at 32° F. No visible 
sign of bud breaking or root growth was 
evident on even the common-storage con- 
trols until after the fourteenth day of 
treatment. It would appear likely that 
growth substance had affected those 
processes which bring about starch hy- 
drolysis or which utilize starch in respira- 
tion. The large quantity of shoots formed 
on the common storage plants later 
would account for the ultimate loss of 
much of the stored reserves, whether 
originally present as starch or in some 
other form. 

Cold storage at 32° F. is considered 
near the ideal temperature for rose 
bushes. Treatment with growth sub- 
stances showed no significant effect on 
the starch present in plants held at this 
temperature, until near the end of the 
storage period. At the last two sampling 
dates (fig. 10), starch was significantly 
higher in the wood and pith of treated 
plants than of comparable controls held 
at 32° F. At the last sampling date, how- 
ever, the cold-storage controls were 
showing visible vegetative signs of 
growth, even at this low temperature. 
The treated lots were completely dor- 
mant in both common and cold storage 
until after field planting. 

Application of growth substances to 
rose bushes in order to conserve their 
starch content would appear to be of 
questionable benefit if plants are to be 


held in 32° F. storage. Subsequent be- 
havior of similar plants that were field 
planted, however, would seem to justify 
such treatment, since the treated plants 
became established in the soil more 
quickly and made better growth. Data 
to support this conclusion are presented 
with the field-planting responses ob- 
tained. 


L 1 1 1 1 L 


Fic. 10.—Rate of starch disappearance in woody 
portion of stock of Ami Quinard rose bushes held 
in common and in cold storage following growth- 
substance treatment. 


Probably the most significant effect, 
at least from a practical standpoint, is 
the close similarity of the starch content 
of plants treated with growth substance 
and held in common storage with control 
plants held in 32°F. storage (fig. 10). 
This effect, however, was true only for 
starch stored in the wood portion of the 
stock, and did not hold to the same de- 
gree for starch found in the bark and pith 
tissues. 


RESPONSES OF FIELD-PLANTED BUSHES 
FOLLOWING GROWTH-SUBSTANCE AP- 
PLICATION AND SUBSEQUENT COMMON 
AND COLD STORAGE 


Included in each lot of plants used for 
the relative starch tests previously de- 
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scribed was an additional lot treated and 
stored in identically the same way. After 
storage these plants were used in a field 
planting to determine whether any ef- 
fects of the different storage treatments 
would be reflected in root and shoot 
growth as well as blossom production. 
The plants were uniformly root pruned 
to six primary roots per plant and plant- 
ed in the field on May 5. The twenty 


_ 


Fic. 11.— Relative rate of new root production on 
field-planted Ami Quinard rose bushes held in com- 
mon and in cold storage with and without growth- 
substance treatment. Field planted May 5, 1041, 
50 days after storage treatments were started. 


bushes of each of the four lots (treated 
and controls from common and _ cold 
storage) were set at uniform depth, with 
the roots of each plant oriented in the 
same relative positions. This systematic 
spacing of the roots greatly aided in re- 
locating them to obtain counts on new 
root production. 

The very poor production of new roots 
early in the growing season on the control 
plants held in common storage (fig. 11) 
may possibly account for the loss of sev- 
en of the twenty plants included in this 
lot. Evidently the stored food reserves 
had been depleted to such a low level, as 
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indicated by the starch test made just 
prior to field planting, that insufficient 
quantity was available to supply de- 
mands for both new root and new shoot 
growth. On these plants shoots devel- 
oped before new roots were initiated, as 
shown by comparing common storage 
controls in figures 11 and 12. It is pos- 
sible that roots were delayed in forma- 
tion until the newly formed leaves could 
supply the necessary materials for root 
growth. 

Treatment of plants in both common 
and cold storage was followed by signiti- 
cantly more root development during the 
first week in the field than on similar un- 
treated plants (fig. 11). This effect was 
greatest with plants held in cold storage. 
Such plants had developed 110 roots per 
plant 7 days after planting, as compared 
with 68 per plant following treatment in 
common storage. 

As shown previously (fig. 10), the con- 
trol plants held at 32° F. had approxi- 
mately the same relative starch content 
as the treated common-storage plants 
(39.5 and 43.7, respectively) at the time 
of field planting. Theoretically they 
should be able to produce about the 
same amount of growth from their stored 
reserves. At the end of the first week in 
the field the cold-storage controls had de- 
veloped an average of six roots per plant, 
whereas the treated lots from common 
storage averaged 68 roots per plant (fig. 
11). On the other hand, the buds of the 
cold-storage controls developed rapidly 
after field planting and at the end of the 
first week had produced an average of 
48.5 mm. of new shoots as compared with 
only 9.2 mm. in the treated lots from 
common storage. Apparently stored re- 
serves were being used up in top growth 
in the one case, while in the other new 
roots were becoming established. 

One explanation of the stimulative ac- 
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tion of growth substances on root pro- 
duction would appear to be a direct ef- 
fect on the roots themselves, as has been 
reported for young pecan trees (11). 
Data obtained in the present experi- 
ments would indicate that the effect may 
be an indirect one. It would seem that 
the main effect of growth-substance 
treatment under the conditions of this 
experiment resulted from inhibition of 
shoot growth for a short interval after 
field planting rather than from direct 
stimulative action on the roots them- 
selves. 

The common-storage control plants 
also made much poorer top growth than 
those of any other treatment throughout 
the growing season. Controls from cold 
storage made an initial flush of growth 
that was greater than in any other treat- 
ment. However, treated lots from both 
common and cold storage caught up 
with them by the end of 21 days in the 
field, and at the end of 42 days they had 
produced almost twice as much top 
growth (fig. 12). The common- and cold- 
storage treated lots were very similar in 
amount of growth at this time, with 1181 
mm. per plant in the former and 1.19 cm. 
in the latter lots. Controls held in cold 
storage had grown but 6 cm. by this 
date. 

It would appear that application of 
growth substance to dormant rose bushes 
may be followed by better growth after 
planting in the field. The results ob- 
tained indicate that the response is not 
caused by a direct beneficial action on 
growing shoots. 

In table 5 weekly records of blossom 
production taken from June 18 until Oc- 
tober 24 are summarized by months on 
the same plants as used in the root and 
shoot growth studies. 

As a result of slight root and shoot 
growth, flower production on the com- 


MARTH—ROSES 43 


mon-storage control plants was low, and 
the flowers had very short stems. Since 
the cold-storage control plants started 
growth earlier than those of other treat- 
ments, it would seem likely that these 
plants would blossom sooner. Such was 
not the case. Records during the month 
of June show that treated lots, both in 
common and cold storage, had produced 
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Fic. 12.—Relative rate of new top growth on 
field-planted Ami Quinard rose bushes held in com- 
mon and in cold storage with and without growth- 
substance treatment. Field planted May 5, 1941, 
56 days after storage treatments were started. 


more blossoms early in the season. The 
flowers also had longer stems, particular- 
ly those from plants treated and held in 
cold storage. 

Both control lots, common and cold 
storage, ceased flower production earlier 
and went into fall dormancy sooner than 
either of the treated lots. This effect is 
shown to some extent by the lessened 
flower production of the controls during 
October (table 5), as well as by the strik- 
ing differences in amount of foliage 
shown in figure 13. This response may 
be due to a difference in vigor of plants 
at this time, comparing control and 
treated lots, rather than to any direct 
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effect of growth substance in this con- 
nection. 

It is obvious that cold storage alone 
was not sufficient to obtain optimum 
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the growing season as did those receiving 
cold storage alone; the former produced 
thirty-one flowers per plant, the latter 
fifteen. Intermediate were the plants 


TABLE 5 


FLOWER PRODUCTION OF FIELD-PLANTED AMI QUINARD ROSE BUSHES FOLLOWING 
TREATMENT WITH GROWTH SUBSTANCE IN COMMON AND IN COLD STORAGE 


TREATMENT* 
JUNE 
| 18 TO 30 1 TO 31 
Control plants; 
common storage} 13 0.23+0.12) 2.00+1.01 
Growth-substance| 
treated; com- 
mon storage 20 3.90+1.01' 4.70+1.42 
Control plants | 
32° F.; cold stor-| 
age 1.75+0.46, 5.50+1.78 
Growth-substance| 
treated 


32° 


cold storage 20 4.25 £1798] 8.30 2-41 


Mean S.E.M. 
AUGUST SEPTEMBER OcTOBER 
| ToTaL 
I TO 31 | I TO 30 I TO 24 | 
co+0.00, 4.30+0 63 


10+0.43} 8.80+2.90) 3.25+1.35| 21.75+6.45 
| 
50+0.13) 6.05+3.01| 1.60+0.52) 15.40+4.30 
| 
50+0 54, 13.4046.25 3.55H1.21) 31.00+9.45 


* Growth substance =o.5 gm. naphthalenemethylacetate per 1ooo cubic feet for 16 hours at 70° F. 
t Number surviving out of 20 planted. 


FIG. 13. 


Relative size of plants and differential rate of defoliation on October 20, 1941, of Ami Quinard 


rose bushes field planted May 5, which had received growth-substance treatment: A, foreground, common 
storage plus growth substance; background, cold storage plus growth substance. B, cold-storage controls. 
C, common-storage controls. The two rows to right of C are composed of plants treated with strong concen- 
trations of 1, 2, and 3 gm. growth substance per 1000 cubic feet. 


flower production. Plants that had re- 
ceived a combination of cold storage with 
growth-substance treatment produced 
twice as many flowers per plant during 


held in common storage with growth- 
substance treatment. These averaged 
twenty-one flowers per plant, many of 
which were small with short stems. 
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Under the conditions of this experi- 
ment, treatment at the beginning of the 
common- and cold-storage period has im- 
proved the flower-producing capacity of 
rose bushes. Although treatment was 
very effective on plants held in - cold 
storage, even greater relative difference 
was found with plants held in common 
storage, compared with the respective 
control plants. 


EFFECT OF GROWTH-REGULATING SUB- 
STANCE ON BUD INHIBITION OF FIF- 
TEEN VARIETIES OF ROSES 


Although the experiments were mainly 
concerned with the Ami Quinard rose, a 
hybrid tea variety that tends to break 
dormancy early in storage season, tests 
with growth-regulating substance were 
also conducted with ten other hybrid tea 
varieties (Editor McFarland, Edith Nel- 
lie Perkins, Etoile de Hollande, Duquesa 
de Penaranda, Girona, Golden Dawn, 
Margaret McGredy, Radiance, Radio, 
and Ramon Bach); also three polyantha 
varieties of rose (Chatillon, Topaz, and 
Poulsen’s Yellow), as well as the variety 
Guinee, a climbing type. 

These experiments will be reported in 
more detail elsewhere. It may be men- 
tioned, however, that the vegetative buds 
of all three types were inhibited to some 
degree by treatments effective with the 
Ami Quinard variety. Shoot development 
of the climbing rose appeared to be least 
difficult to inhibit, and the canes ap- 
peared to be least susceptible to injury 
from strong concentration of the sub- 
stance. In the case of the hybrid tea va- 
rieties some variation was noted among 
them in the ease of control of shoot de- 
velopment in storage. Further, two of the 
ten hybrid tea varieties (Duquesa de 
Penaranda and Golden Dawn) appeared 
to be more readily injured by treatment 
than the others. Treatment with a gase- 
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ous application of naphthalenemethylac- 
etate at the rate of 0.3 gm. per 1000 cu- 
bic feet for 16 hours at 70° F. appeared to 
be about optimum, however, markedly 
reducing shoot development without 
causing noticeable cane injury with all 
ten varieties. The three varieties of poly- 
antha rose responded alike to treatment. 
All developed some shoot growth when 
treated with applications of substance 
effective in the bud inhibition of both hy- 
brid tea and climbing varieties. The 
amount of shoot development, however, 
even with the polyantha varieties, was 
significantly reduced when treated and 
held for 2 months in common storage. 


POSSIBLE POLYPLOIDAL OR FORMATIVE 
EFFECTS INDUCED BY APPLICATION OF 
STRONG CONCENTRATION OF GROWTH- 
REGULATING SUBSTANCE 


Several investigators have reported 
that growth-regulating substance will in- 
duce polyploidy (3, 4, 7) and cause form- 
ative effects (18) on plants other than the 
rose. Consequently, all the rose bushes 
that had received strong (1 gm. or more 
per 1000 cubic feet of volatilized com- 
pound) dosages of growth substances in 
any of the storage experiments previous- 
ly described were field planted, even 
though many had as much as go per cent 
of their tops severely injured. These 
plants were set in two rows adjacent to 
the rose planting used in obtaining the 
growth-response data already mentioned. 
As shown in figure 13, many of these 
plants had died by October 20, 1941. 
Those that lived throughout the growing 
season were carefully observed for any 
abnormalities in plant character or flower 
structure. The few flowers that were pro- 
duced were normal and the plants them- 
selves did not appear to be at variance 
with comparable weak-growing control 
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plants that had been used in the common- 
storage experiments. 

When the plants were dug in late No- 
vember, it was noted that many large 
buds had apparently remained dormant 
at the base of the larger canes through- 
out the growing season. These buds were 
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house, together with similar control 
plants. 

Figure 14 shows a flower resulting 
from treatment, considerably different 
from the varietal form, having 150 petals. 
Counts on twenty-five flowers from con- 
trol plants ranged in number from 65 to 


Fic. 14. 


Left, flower of Ramon Bach variety of rose, having 150 petals, following treatment with 1 gm. 


gaseous naphthalenemethylacetate per rooo cubic feet. Right, flower from control plant of same variety, with 


70 petals. 


present on the plants when they had been 
treated with growth substance during 
their previous storage period. It seemed 
advisable, therefore, to attempt to force 
them to develop. After potting the plants 
in soil on November 24 they were moved 
into a greenhouse at 32°-45° F. to com- 
plete their dormancy. Following this pe- 
riod, they were forced in a warm green- 


80 petals each. Another plant of the same 
variety also produced a flower with ap- 
parently many more petals than those on 
the control or treated plants. 

The results obtained in the present ex- 
periments indicate that changes in the 
varietal characteristics of rose plants fol- 
lowing treatment with growth substance 
to inhibit shoot formation in storage are 
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not likely to occur unless strong concen- 
trations of the active compounds are 
used. 

Discussion 


The evidence obtained in these experi- 
ments on roses is in agreement with 
WENT’s (16) finding that bud inhibition 
is greatest when a continuous supply of 
growth substance is available. The in- 
creased effectiveness of such substances 
when applied in wax emulsion as com- 
pared with comparable concentration ap- 
plied in aqueous solutions was apparent- 
ly due to the growth substance being con- 
densed and held on the plant surface over 
a longer period of time. If penetration by 
strong concentration in a short time were 
a primary factor in bud inhibition, it 
would seem that the aqueous solutions, 
as well as sprays containing a penetrat- 
ing agent (such as ethyl alcohol), have 
an advantage, since the plants would be 
able to take up growth substance from 
such sprays quicker than from the wax- 
emulsion sprays. This was not the case, 
nor did increasing the penetration of the 
volatile growth substance (naphthalene- 
methylacetate) by applying vapor treat- 
ment to plants in a partial vacuum show 
increased effectiveness on bud inhibition 
over treatment under atmospheric pres- 
sure with the same rate of application. 

ZIMMERMAN and Hitcucock (17) have 
suggested that the increased effective- 
ness of vapor over solution treatments 
with the same growth substance, as has 
been indicated in the present experi- 
ments, was due primarily to increased 
penetration by the vapors. They consid- 
ered that vapor penetration took place in 
a manner similar to that of ethylene gas, 
used in some of their earlier experiments. 
This conclusion appears logical, especial- 
ly since they obtained relatively more 
rapid and pronounced effects from the 
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vapors under the greenhouse conditions 
and with the vegetative plants they used. 
In the case of the dormant rose plants of 
the present experiments, held in common 
storage at 32°-42° F., however, the in- 
creased effectiveness of vapor treatments 
appeared to arise largely from the fact 
that the vapor condensed in tiny droplets 
on the plant surfaces. Slow volatilization 
from these droplets under the low tem- 
perature conditions employed appeared 
to be a primary factor in the bud-inhibit- 
ing effects obtained. 

Injury usually followed when strong 
concentrations of growth substances 
were applied to dormant rose plants. 
The injury did not appear to be confined 
to the buds but showed in damage to the 
bark and cambium of the internodal re- 
gions on the canes. Evidence of this was 
found upon removal of the injured plants 
to the greenhouse, where many of the 
buds on such plants started growth but 
subsequently died because of a girdling 
effect of the injured tissues above and 
below the vegetative buds. This is in con- 
trast with the direct bud injury obtained 
with peach and cherry material included 
in experiments not reported here, as well 
as that obtained by MircuHett and Cut- 
LINAN (8) with peach and pear. The bud 
scales on most rose varieties seem to fit 
tightly together and are waxy when the 
plants are dormant. Entrance of growth 
substance as vapors into the plant would 
therefore seem most likely through the 
lenticels of the bark rather than directly 
into the buds. The first noticeable sign 
of cane injury appeared as small sunken 
black pits in the bark. These pits seemed 
to be centered around the lenticel open- 
ings. As injury progressed the pits ex- 
panded in circumference until they 
merged, forming a continuous sunken 
black area. 
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Indoleacetic acid, reported as effective 
in bud inhibition on herbaceous plants 
(16, 12), was relatively ineffective with 
the woody rose plants. WENT (16), how- 
ever, has shown that with this compound 
the concentration necessary for bud inhi- 
bition was very close to the concentra- 
tion which induced injury. It is possible 
that inhibition without injury might 
have been obtained on the rose plants if 
a concentration of indoleacetic acid in- 
termediate between 0.05 and o.o1 per 
cent had been used. 

MITCHELL, Kraus, and WHITEHEAD 
(g) and MircHeLy and WHITEHEAD (10) 
have found that under some conditions 
application of growth-regulating sub- 
stances to bean leaves may have a stimu- 
lating effect on the rate of starch hydrol- 
ysis, while under other conditions the ap- 
plications have no effect. The present ex- 
periments indicate that with dormant 
rose plants stored at relatively low tem- 
peratures application of growth-regulat- 
ing substances may have a retarding ef- 
fect on the rate of starch hydrolysis. The 
greatest retardation in starch loss was 
obtained with treated (0.5 gm. methyl 
ester per 1000 cubic feet for 16 hours at 
7o KF.) plants held in cold storage at 
32. F. With plants held in common 
storage, treatment retarded the loss of 
starch, so that at the end of the storage 
period there was no significant difference 
in relative starch content, as indicated by 
the IKI test, between these plants and 
similar untreated ones held continuously 
in cold storage (32° F.). The untreated 
plants during common storage produced 
a greater number of etiolated shoots per 
plant than the treated, however, so that 
it would be difficult to estimate how 
much of the reserve starch supply was 
utilized in producing shoots and how 
much was conserved by direct action of 
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the growth substance on starch hy- 
drolysis. 


Summary 


1. Experiments conducted with rose 
bushes during common storage in two 
seasons, 1939-1940 and 1940-1941, indi- 
cate that growth-regulating substances 
will inhibit the vegetative buds so that 
the plants remain dormant throughout 
the normal storage season. Approximate- 
ly 4400 rose bushes were utilized in ex- 
periments with seventeen chemical com- 
pounds. 

2. Three compounds (naphthalenemeth- 
ylacetate, naphthalenethylacetate, and 
naphthaleneacetonitrile) effectively in- 
hibited growth of buds for 40—60 days in 
common storage. Application of these 
compounds was effective when applied at 
concentration of 0.01 per cent in 0.25 per 
cent wax-emulsion sprays applied to 
plant tops, or as vapors to dormant 
plants at rate of 0.3 and 0.4 gm. per 
1000 cubic feet. 

3. The vapor of naphthalenemethylac- 
etate at the rate of 0.3 gm. per 1000 cu- 
bic feet was equally effective on bud in- 
hibition when applied at 32°F. for 16 
hours, 40° F. for 4 hours, and 70° F. for 
1 hour. 

4. Concentrations of a naphthalene- 
methylacetate vapor stronger than 0.5 
gm. per 1000 cubic feet caused moderate 
to severe cane injury, while a lower con- 
centration of o.1 gm. per 1000 cubic feet 
increased the number of shoots develop- 
ing in storage. 

5. Applications in general appeared to 
be most effective when a continuous sup- 
ply was present at or near the inhibited 
buds. 

6. Growth-regulating substances may 
have an inhibiting action on mold 
growth, either through mild direct fungi- 
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cidal action or by reducing the number of 
etiolated shoots which establish ready 
access for mold infection. 

7. The food reserves (starch) of treat- 
ed bushes were conserved while in stor- 
age, either by direct inhibition of the 
treatment on starch hydrolysis or by pre- 
vention of shoot growth which utilizes 
the available reserves. As a result, treat- 
ed plants after storage produced much 
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greater root and top growth and more 
flowers of better quality per plant when 
field planted than the untreated controls. 


Appreciation is expressed to Dr. F. E. 
GARDNER and to Dr. F. P. CULLINAN 
for continued helpful interest during the 
progress of the experiments. 
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SUSCEPTIBILITY OF COLCHICUM AND CHLAMYDOMONAS 
TO COLCHICINE 


IVOR CORNMAN 


(WITH EIGHT FIGURES) 


Introduction 

The striking uniformity with which 
colchicine checks mitosis and meiosis in 
higher plants and animals suggests that 
there is a colchicine-sensitive process 
common to all mitoses. There are, how- 
ever, exceptions which cast doubt upon 
this generalization. Colchicum is one of 
these. Within its tissues are concentra- 
tions of colchicine welt above those which 
will stop mitosis in other plants, and its 
roots can grow in’ strong colchicine solu- 
tions without visible abnormalities (4, 
19). Resistance ‘has also been found in 
numerous protista and fungi, organisms 
which do not contain colchicine (25, 4, 
17). To study these two types of resist- 
ance, Colchicum and the green flagellate, 
Chiamydomonas, were chosen. The in- 
vestigation was directed toward compar- 
ing the two types of resistance and par- 
ticularly toward finding whether the 
resistance is dependent on the absence of 
the colchicine-sensitive process. The re- 
sults obtained with Colchicum have been 
briefly reported previously (9). 


Material and methods 


Roots of Colchicum bysantinum were 
used primarily, with additional observa- 
tions on the roots of C. autumnale for 
comparison. The roots were cut from the 
corm when 3-5 cm. long and placed sing- 
ly or by twos in vials with inside dimen- 
sions of 3.5 X50 mm. Five mm. of the 
extreme tip of the root was immersed in 
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the experimental or control solution. 
The upper, cut end of the root was im- 
bedded in 1 per cent agar with 5 per cent 
glucose, which also served to seal the 
vial. Thus the isolated roots were pro- 
tected from drying within sealed vials, 
and only the mitotically active region was 
exposed to colchicine. Since a corm of 
Colchicum sometimes produces as many 
as thirty roots of uniform length, a wide 
range of concentrations and exposures 
could be tested on material identical 
genetically, and—as far as possible 
physiologically similar. For the most 
part, experiments were confined to the 
afternoon and early evening, although no 
appreciable diurnal periodicity of mitosis 
could be detected. 

The concentrations of colchicine used 
were 0.1, 1.0, 5, and 10 per cent by 
weight. Some question may arise as to 
the possibility of obtaining a 10 per cent 
solution, since the U.S. Pharmacopoea X 
gives the solubility of colchicine as 1 gm. 
in 22 cc. of water. No difficulty was 
found in obtaining a ro per cent solution, 
however, and HENRY (14) lists colchicine 
as miscible in all proportions with water. 
Perhaps some of the difficulty in obtain- 
ing high concentrations of colchicine re- 
sults from its conversion in water to the 
less soluble colchiceine. To avoid such 
a loss, the solutions were mixed not more 
than 30 minutes before using and always 
protected from direct light. No precipi- 
tation was observed during the course of 
the experiments. A few roots were also 
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exposed to saturated aqueous acenaph- 
thene solution. 

Exposures were varied between } and 
85 hours. Some treatments were fol- 
lowed by a recovery period in water. 
Controls were cultured in tap water and 
in sucrose isomolar with the colchicine. 
The experiments were conducted at 
about 22° C. The root tips were fixed in 
Bouin’s or Navashin’s solution and 
stained in iron haematoxylin and eosin. 
Navashin’s is by far the superior fixative 
for preservation of spindle structure. 
Observations were made upon a total of 
about 200 roots of Colchicum. 

Attempts were also made to test the 
effect of colchicine on the division of the 
pollen tube generative cell, using the 
method by which Ercsti (10) has ob- 
tained such excellent results with other 
pollens; but Colchicum pollen obtained 
in the region of Ann Arbor would not 
germinate. 

For comparison, and especially as a 
check on the culture method, excised 
roots of Allium cepa were also grown in 
vials in the same way as the Colchicum 
roots. The experimental solutions were 
o.or and o.1 per cent colchicine by 
weight and saturated aqueous acenaph- 
thene solution. Tap water was used as 
the control solution. In all, about 100 
Allium roots were studied. 

Bacteria-free cultures of Chlamydo- 
monas pseudococcus were obtained from a 
pure line descended from a single original 
individual. The culture medium (10 gm. 
tryptone in 1000 cc. water) contained 
0.015, 0.010, or 0.005 per cent colchicine, 
or acenaphthene to saturation, half satu- 
ration, or quarter saturation. The cul- 
ture tubes were kept in diffuse sunlight, 
so distributed that no one experimental 
set had an advantage of light or tempera- 
ture. Counts of population density were 
made at the beginning and end of each 
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experiment. The increase was then cal- 
culated, both in terms of generations and 
in terms of percentage of inhibition of the 
original population. The results pre- 
sented here are based upon counts of 
forty-five experimental and control pop- 
ulations. 


Observations 


EFFECT OF COLCHICINE 
ON EXCISED ROOTS 


Excised root tips cultured in tap 
water maintained normal mitosis for at 
least 83 hours, although the number of 
mitoses decreased. Similarly, roots cul- 
tured continuously in concentrations of 
sucrose isomolar with the colchicine so- 
lutions, or subsequently transferred to 
tap water, showed normal mitoses 
throughout the same period. On the con- 
trary, colchicine produced a typical dis- 
ruption of mitosis, particularly in Col- 
chicum byzantinum, to which most of the 
detailed description will be devoted. 

Mitosis in C. bysantinum was not al- 
tered by 1 per cent colchicine. A 2.5 per 
cent concentration was near the thresh- 
old, producing only a partial effect even 
after 3 hours’ exposure. This concentra- 
tion, however, can produce tetraploid 
cells (fig. 3). Five per cent colchicine 
was the lowest concentration which 
brought about a complete colchicine ef- 
fect. During a }3-hour exposure, the 
structure of existing spindles was de- 
stroyed and the organization of new 
spindles prevented. The metaphase ori- 
entation of the chromosomes in figure 1 
is evidence of destruction of the spindle 
after it had already oriented the chromo- 
somes. The disorganized spindle mate- 
rial is still visible in the center cell, show- 
ing as an oval area devoid of fibers. This 
is in marked contrast to the distinct 
fibers of the normal spindle. In other 
cells receiving the same treatment meta- 
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phase chromosomes were irregularly phase figure with two incompletely sepa- 
grouped, unable to form an equatorial rated groups of chromosomes is shown in 
plate because the spindle had been ren- figure 2. Half-hour exposure did not af- 
dered nonfunctional. A cell in figure 1 fect the number of mitoses (table 1). 

(bottom, center) contains four such With longer exposure to 5 per cent col- 
groups scattered through the darkly  chicine, the spindle material disappeared 


Fics. 1-7.—Roots of Colchicum bysantinum excised and cultured in colchicine solution: Fig. 1, }-hour 
exposure to 5 per cent colchicine; central metaphase figure shows disorganized spindle material, lacking 
fibers; two other metaphases, anaphase, and premetaphase show partial destruction of the spindle. Fig. 2, 
}-hour exposure to 5 per cent colchicine; anaphase spindle destroyed before the two chromosome groups had 
completely separated; such configurations are source of tetraploid nuclei. Fig. 3, 1-hour exposure to 2.5 per 
cent colchicine; tetraploid cell with chromosomes divided but not separated; cell full of chromosomes; no 
spindle visible. Fig. 4, 2-hour exposure to 5 per cent colchicine; tetraploid bridged nucleus with four nucleoli 
(one not visible in photograph); such nucleus results from mitosis checked in anaphase (fig. 3); chromosomes 
returned to interphase while still exposed to colchicine. Fig. 5, 75-minute exposure to 5 per cent colchicine 
followed by 105 minutes in tap water; metaphase plates show unusual orientation of spindles (suppressed in 
photograph to give contrast) which have appeared after removal of root from colchicine. Fig. 6, 1-hour 
exposure to 5 per cent colchicine followed by 1 hour in tap water; short spindle fibers appear to be extend- 
ing at right angles from abnormally oriented metaphase plates, as if the spindle were regenerating. Fig. 7, 
77-minute exposure to 5 per cent colchicine, followed by 48 minutes in tap water; chromosome clumps pro- 
duced by colchicine show signs of dispersing; no spindle material remains. 


staining spindle material. Spindle fibers 
disappeared from anaphase (fig. 2) and 
telophase figures also, during 3-hour ex- 
posure to 5 per cent colchicine. An ana- 


entirely, and the clumping of chromo- 
somes became more marked. The course 
of events induced by colchicine is dia- 
grammed in figure 8. The number of 
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mitoses and the proportions between the 100 thick through the center of the 
phases were changed radically by this root. This tabulation does not allow for 
longer exposure. In table 1 are recorded the small variations in width of the 


TABLE 1 
NUMBERS OF MITOTIC STAGES IN CONTROL AND COLCHICINE-TREATED 
ROOTS OF COLCHICUM BYZANTINUM* 


TREATMENT COLCHICINE (5° TAP WATER 

EXPERI- | EXPosuRE No. OF Meta- Ana- TELo- Meta- ANA- TELo- No. oF 
MENT | (HOURS) ROOTS PHASE PHASE PHASE NUCLEATE PHASE PHASE PHASE ROOTS 

As. 3 | 34.3 30.5 ° 

I 4 | 182.0 5.0 ° 43.3 103.0 33.0 20.0 2 

a 4 136.3 0.5 ° 21.8 114.5 39.5 29.5 2 

_ 4 139.8 0.0 ° 37.0 14.0 9.0 I 

8}. 3 55.0 °.0 ° 10.0 14:3 4.4 4-3 3 


* Each number is average per root in block of tissue extending entire length of meristematic region, as wide as root and 100 
thick, through its center. Under metaphase, control, are included premetaphase stages (membrane gone, chromosomes thick and 
short but not oriented) indistinguishable from metaphase stages under colchicine effect. In telophase column, only those cells in 
which nucleus and cell plate are normal are included. After r-hour exposure, some cells classed as binucleate have telophase nuclei. 


PROPHASE METAPHASE ANAPHASE 


AL 


NORMAL = 


INCIPIENT | 
COLCHICINE 
EFFECT Wa 
COMPLETE 
COLCHICINE Pod 
EFFECT 


Fic. 8.—Diagram showing sequence of events in different mitotic phases succumbing to colchicine. 
Spindle fibers, sharply visible in normal cells, disappear, leaving structureless mass of heavily staining 
spindle material (incipient colchicine effect); then this spindle material also disappears, allowing chromosome 
groups to drift through cytoplasm (complete colchicine effect). Diagrams patterned after configurations 
in figs. 1, 2, 6, and 7. 


the average numbers of mitoses in a_ roots, so that small variations in total 
block of tissue as wide as the root, ex- numbers of mitoses (such as among the 
tending from the root tip to the proximal controls for the first 2 hours) probably 
border of the meristematic tissue, and are not significant. In the roots fixed 
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after 1-hour exposure to colchicine, how- 
ever, the metaphases were double the 
number found in roots fixed at } hour, 
and the preponderance occurred con- 
sistently in all roots from which these 
counts were averaged. Simultaneously 
with the accumulation of metaphases 
there was a decrease in the number of 
anaphases and telophases. With these 
changes in numbers of mitotic stages 
there appeared a new abnormality: bi- 
nucleate cells, in which the nuclei were 
separate or connected by a thin bridge. 
These were almost equal in number to 
the anaphases which disappeared. Large 
lobed nuclei with supernumerary nu- 
cleoli also appeared at this time. 

Prolonged exposure produced a de- 
crease in all mitotic stages, but there was 
a decrease in the mitotic activity of the 
controls also (table 1). In some control 
roots the number of mitoses was normal 
even 4 hours after cutting, but a de- 
crease always occurred eventually. After 
83 hours of continual exposure, however, 
normal prophases could still be found in 
the treated roots, although no other nor- 
mal mitotic stages were present. The 
blocked mitoses also decreased in num- 
ber (table 1). Those which remained be- 
came progressively more pycnotic, until 
at 85 hours the chromosomes were com- 
pacted into a dense knot, usually near 
the center of the cell. 

The course of the colchicine effect ap- 
pears to be the same, whether it acts 
upon late prophase, metaphase, or ana- 
phase (fig. 8). There is first destruction 
of the fibrillar structure of the spindle. 
Complete disappearance of the spindle 
material follows, and the chromosomes, 
singly or in groups, scatter through the 
cell. 

When the roots were allowed to re- 
cover in tap water after }- or 1-hour ex- 


[SEPTEMBER 


posure, the course of events was different 
from that during continual exposure. 
The pycnotic clumps of chromosomes 
loosened and the individual chromosomes 
became distinguishable again (fig. 7). In 
some cells which were affected before 
anaphase the chromosomes were dou- 
bled. Other cells, in which mitosis was 
interrupted after the daughter chromo- 
somes had separated, were demonstrably 
tetraploid. In some tetraploid cells the 
chromosomes were partly separated into 
two irregular diploid sets, producing a 
configuration similar to that shown in 
figure 2; in others the chromosomes were 
scattered (fig. 7). Binucleate cells, 
bridged nuclei (fig. 4), and lobed nuclei 
also appeared, as they did in roots given 
continual exposure. About 13 hours after 
removal of the roots from colchicine, 
spindles reappeared. At first only a few 
faint fibers were visible (fig. 6), but, 
judging by the subsequent completion of 
mitosis, a complete functional spindle 
finally formed. Such recovering cells give 
the impression of regeneration of the 
spindle and continuation of mitosis, 
rather than of return of the colchicine mi- 
toses to interphase and their replacement 
by new, partially abnormal mitoses. The 
chromosomes in figure 6 appear to be ar- 
ranged in a relic equatorial plate, about 
which a few short spindle fibers are 
forming at right angles. WADA (26) has 
observed regeneration of the spindle in 
living Tradescantia stamen hairs recover- 
ing from colchicine. While the appear- 
ance of the spindle structure and equa- 
torial plates in recovered cells was nor- 
mal except for slight irregularities, ori- 
entation of the spindles was entirely un- 
usual. Whereas spindles in the proximal 
part of the meristematic region are 
nearly always parallel to the axis of the 
root, the spindles in these recovering cells 
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took any position (fig. 5). After reap- 
pearance of the spindle, the course of 
mitosis appeared entirely normal. 

The effect of colchicine on C. autum- 
nale appeared less quickly and was less 
marked. After 3 hours’ exposure to 10 
per cent colchicine, the number of mi- 
toses was considerably reduced as com- 
pared with the controls. The spindles of 
some of the remaining mitoses were de- 
stroyed, but normal anaphases and telo- 
phases were still to be found. The cyto- 
logical picture after this 3-hour exposure 
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phase, and the chromosomes divide 
without anaphase separation. Intact 
Allium roots still attached to the bulb 
were used to test for colchicine in C. 
bysantinum corms. The cells showed a 
complete colchicine effect after }-hour 
exposure to the crushed corm. 


EFFECT OF COLCHICINE AND ACENAPH- 
THENE ON RATE OF REPRODUCTION 
OF CHLAMYDOMONAS 


Both colchicine and acenaphthene 
slow the rate of reproduction of Chlamy- 


TABLE 2 


REPRODUCTION OF CHLAMYDOMONAS PSEUDOCOCCUS IN COLCHICINE AND ACENAPHTHENE 


COLCHICINE (50 HOURS) 


Con 0.005 0.010 
TROL 
Generations* 3.64 | 2.89 | 2.44 


Difference from control 


ACENAPHTHENE 
COLCHICINE (100 HOURS) 


(164 HOURS) 
0.015 Con 0.005 0.010 0.015 Con- SATU 


TROL TROL RATED 


3-41 | 3.12 | 5.68 | 5.05 
0.69 98 0.63 


* Number of generations calculated as average rate of reproduction for all individuals: initial population <2” =final population, 


where =number of generations. 


was about the same as in C. bysantinum 
after 3 hours’ exposure to 2.5 per cent 
colchicine. After 6 hours’ exposure, de- 
struction of the spindles was complete, 
leaving only cells with prophase con- 
figurations, or pycnotic clumps of chro- 
matin. Lack of material prevented inves- 
tigation of the recovery processes. Mi- 
tosis continued normal in C. autumnale 
during 7 hours’ exposure to saturated 
aqueous acenaphthene. 

With regard to the tests with Allium, 
it need merely be stated that mitoses in 
these excised roots reacted to 0.01 and 
0.1 per cent colchicine in a manner sim- 
ilar to that described for intact roots (12, 
9, 18, 21), except that repeated redupli- 
cation of the chromosomes was not ob- 
tained. Mitoses are stopped in meta- 


domonas pseudococcus, and the retarda- 
tion increases as the dose is increased 
(table 2). Calculated in terms of genera- 
tions produced by the original popula- 
tion, the maximum inhibition occurred 
after 50 hours’ exposure to 0.015 per cent 
colchicine, with an average of 2.49 gen- 
erations, as against 3.64 generations in 
the control. If, instead of an average 
effect on the entire population, an all-or- 
none effect is assumed, with some of the 
original population completely incapaci- 
tated and the others reproducing at the 
same rate as the controls, the individuals 
affected by 0.015 per cent colchicine 
amount to 55.1 per cent, and those af- 
fected by 0.005 per cent amount to 40.6 
per cent, of the original population. 
While such a calculation is useful for 
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comparison with the root of Allium, 
where 0.01 per cent colchicine blocks 
mitosis in every cell, it reveals an incon- 
sistency when applied to the results for 
100-hour exposure (table 2). On an all- 
or-none basis, the total population after 
100 hours would indicate that only 4.2 
per cent of the original population ex- 
posed to 0.015 per cent colchicine was 
completely checked, while 95.8 per cent 
reproduced at the same rate as the con- 
trols. These two different exposures were 
begun at the same time and seeded with 
equal quantities of the same stock cul- 
cure. 

The slowing effect of saturated ace- 
naphthene on the rate of reproduction 
was about the same as the o.o1 per cent 
colchicine. Half- and quarter-saturated 
media produced intermediate effects. 

Stained preparations of the retarded 
Chlamydomonas revealed no metaphase 
block or other colchicine effects. It is 
difficult to observe details within these 
cells, however, so this cytological evi- 
dence is not conclusive. 


Discussion 

The resistance of organisms to colchi- 
cine does not necessarily indicate a dif- 
ference in the mitotic process. It could 
also result from some extra-mitotic physi- 
ological capacity of the cell to inactivate 
the colchicine. If the first condition ex- 
ists, if the mitosis is different from the 
mitosis of susceptible forms in that it is 
not dependent upon a process disrupted 
by colchicine, then the spindle should 
not respond to colchicine treatment un- 
der any conditions. On the contrary, if 
the resistance is made possible by meta- 
bolic peculiarities superimposed upon a 
typical spindle mechanism, it should be 
possible to deter these processes, or ex- 
ceed their capacity, and thus inflict col- 
chicine inhibition upon the spindle mech- 
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anism. With regard to Colchicum, the 
evidence presented here indicates that 
the resistance can be overwhelmed and a 
typical colchicine effect produced. 

There can be no doubt that colchicine 
produces a very definite effect in Colchi- 
cum roots. It is certain that these effects 
are produced by the colchicine and not by 
other procedures in the method, since 
mitoses in excised control roots proceed 
normally, and Allium roots in culture 
show typical colchicine effects. Nor can 
it be said that C. bysantinum is not a 
suitable organism for investigating re- 
sistance to colchicine, inasmuch as there 
is enough colchicine in the corm to block 
mitosis in Allium roots, and the roots of 
C. byzantinum are immune to 1 per cent 
colchicine in culture medium. 

Since the concentrations which did 
produce effects are so far above those 
which produce colchicine mitoses in 
other plants, however, it is doubtful 
whether the effects produced in Colchi- 
cum are typical of the highly specific ef- 
fects peculiar to colchicine, or rather re- 
veal just a general disruption of the cell. 
On the one hand, high concentrations 
might interfere with mitosis by virtue of 
their osmotic activity. However, mitosis 
was not disrupted in sucrose solutions 
isomolar with 1o and 5 per cent colchi- 
cine. While isomolarity is only an ap- 
proximation of osmotic activity, the com- 
plete lack of response to sugar solutions 
is strong evidence against the possibility 
that the effect produced by colchicine 
solutions is the result of their osmotic 
pressure. Moreover, the effects of hyper- 
tonicity alone, as reported by numerous 
investigators, do not include a selective 
destruction of the spindle structure such 
as observed in these experiments with 
colchicine. On the other hand, there 
may be a general poisoning of the cells, 
making normal mitosis impossible. Con- 
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sideration of the specific effect of colchi- 
cine rules out this possibility fairly con- 
clusively. Six of the most typical and 
significant effects of colchicine upon 
plants are: 


1. Spindles disappear and no new ones form. 

2. Prophases continue, producing an accumula- 
tion of colchicine mitoses. 

3. Chromosomes scatter and divide without 
normal anaphase separation. 

4. The cell plate does not form. 

. Blocked metaphases and anaphases pass on 

to interphase. 

6. Chromosome doubling without anaphase 
separation is repeated, resulting in further 
increase in ploidy. 


wn 


Each of these conditions, with the ex- 
ception of the sixth, was observed in C. 
bysantinum exposed to 5 per cent colchi- 
cine. 

1. The spindle fibers first (fig. 1), and 
then the entire spindle, disappeared. 

2. Cells in which the chromosomes 
showed no indication of metaphase orien- 
tation accumulated upon moderate ex- 
posure (table 1). 

3. Particularly in roots returned to 
tap water could the scattering (fig. 7) and 
doubling of chromosomes be observed. 

4. Reconstruction nuclei were seen in 
binucleate cells where the cell plate was 
wholly or partly missing. 

5. The decrease in colchicine mitoses 
(disrupted metaphases) during prolonged 
treatment (table 1) indicates progression 
of blocked mitoses to the interphase con- 
dition. Also, binucleate cells, bridged 
nuclei (fig. 4), and nuclei with three or 
four nucleoli were found, which point to 
an origin from cells stopped during mi- 
tosis. Bridged nuclei, each of the pair 
having the maximum normal comple- 
ment of two nucleoli, are hard to explain 
other than by the return to interphase of 
two partially separated chromosome 
groups. Having a single membrane, 
these are true tetraploid nuclei. The 


CORN MAN—SUSCEPTIBILITY TO COLCHICINE 


7 


wn 


number of nucleoli is in itself a good cri- 
terion of polyploidy (3). Nuclei of C. 
bysantinum typically have only one or 
two nucleoli, so nuclei found with three 
or four were in all probability tetraploid. 
To guard against confusion of induced 
with natural binuclearity, counts of bi- 
nucleate cells (table 1) were limited to 
longitudinal sections of the region of the 
ground meristem, a short distance proxi- 
mal to the extreme tip of the root. In 
this region no binucleate cells were found 
in the controls included in table 1, and 
only three doubtful cases of binuclearity 
could be found in a total of sixty-nine 
normal and control Colchicum roots, as 
against the high percentage of binucleate 
cells in treated roots. 

6. Repeated reduplication of chromo- 
somes could not be expected, since the 
method did not permit prolonged cultur- 
ing of the excised roots. It was noticed, 
however, that binucleate cells which pre- 
sumably resulted from blocked ana- 
phases re-entered the prophase stage dur- 
ing exposure to colchicine. 

The resumption of mitoses which were 
normal except for orientation of the 
spindle is further evidence that the cells 
were not permanently injured and that 
the primary effect was upon the spindle. 
The decrease in the number of mitoses in 
C. autumnale is a colchicine effect also 
observed in other angiosperms (22). All 
the evidence leads to the conclusion that 
certainly in C. bysantinum, and probably 
in C. autumnale, a typical specific inhibi- 
tion of the spindle results from exposure 
to colchicine. LEVAN (18) has already 
demonstrated that acenaphthene will 
block mitosis in Colchicum roots even 
quicker than in Allium. (The present 
negative results with 7-hour exposure to 
saturated aqueous acenaphthene solu- 
tions are not unexpected, since LEVAN 
points out that acenaphthene takes at 
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least 12 hours to produce an effect in 
Colchicum.) Accordingly it seems safe to 
conclude that the mitotic mechanism of 
Colchicum is like that of other plants in 
that it is dependent upon some process 
which is disabled by colchicine and re- 
lated substances. 

It follows, then, that resistance to 
colchicine is not proof of a difference in 
the mitotic process or of the absence of 
mitosis. For example, conclusions (2)— 
based partly on the immunity of yeast to 
colchicine—that the budding process in 
yeast is amitotic must be regarded with 
some question. 

While the demonstration of a colchi- 
cine susceptibility in Colchicum elimi- 
nates the possibility of a qualitative dif- 
ference in mitosis, the possibility of a 
quantitative difference remains to be con- 
sidered. For instance, the existence of a 
stronger spindle-forming and_ spindle- 
maintaining mechanism in Colchicum 
could be assumed. Returning to LEVAN’s 
observations, it can be seen that such a 
supposition is unsatisfactory, inasmuch 
as Colchicum was found to be more sensi- 
tive to acenaphthene than was Allium. 
This argument is based on the presump- 
tion that colchicine and acenaphthene 
act in the same way. The assumption of 
a single point of action of these two 
chemically similar substances follows 
from the identity of the visible effects 
they produce. JARETZKY and SCHENK 
(16) question the identity of the colchi- 
cine reaction with that of acenaphthene. 
Their conclusions are based on differ- 
ences in relative susceptibilities to col- 
chicine and acenaphthene in different 
species. They do not take into account 
the more probable explanation of these 
differences: permeabilities to these sub- 
stances markedly different in solubility. 
The hypothesis which appears best to fit 
the observations available to date is also 
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the simplest--that colchicine and ace- 
naphthene act in the same way at the 
same point in the mitotic cycle in all 
plants, including Colchicum. 

The means by which Colchicum pro- 
tects itself from colchicine remains un- 
known. The readiest explanation would 
be that the colchicine is inactivated by 
combination or alteration within the cell. 
Minor changes in the structure of this 
alkaloid greatly affect its potency (5, 6), 
although mere crushing in water is suffi- 
cient to release colchicine from the corm, 
and such treatment in itself is not likely 
to alter any stable precursor of colchicine. 
Moreover, BLAKESLEE (4) has attempted 
unsuccessfully to extract some substance 
from the Colchicum plant which would 
make other plants resistant. Neverthe- 
less the possibility remains that the col- 
chicine is adsorbed upon, or combined 
with, proteins or other cellular constitu- 
ents which are not easily extracted. De- 
struction of the cell possibly brings about 
the release of colchicine by enzyme ac- 
tion. ALBO (1) found that colchicine does 
not occur in the nonliving tissues, even 
in the intact plant. Indeed it is con- 
ceivable that just such a combination of 
the colchicine with the structural ele- 
ments of the spindle prevents its normal 
functioning. LEVAN’s finding (19) of an 
effect of threshold dosages of acenaph- 
thene and colchicine upon the outermost 
part of the spindle only suggests a direct 
effect of the agents on the spindle. In 
immune cells, protective structures or 
processes presumably function by pre- 
venting the colchicine from reaching the 
spindle substance. The fact that excised 
roots could be affected by colchicine, 
while intact roots were not (4, 19), sug- 
gests that some metabolic activity, ham- 
pered by cutting the roots, maintains the 
immunity. This is not conclusive, inas- 
much as the concentrations used by 
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BLAKESLEE and LEVAN were below the 
concentrations found to be effective in 
these experiments. Cold or some other 
general metabolic deterrent might well be 
employed to test for increased suscepti- 
bility to colchicine. 

In resistant organisms other than Col- 
chicum and related genera, colchicine 
does not occur within the cells, so there is 
no need to explain an immunity that does 
not result from destruction of the colchi- 
cine. There is some evidence that such a 
destruction does occur. Chlamydomonas 
may be considered a colchicine-resistant 
organism, although it is affected by col- 
chicine. Resistance, it must be under- 
stood, here refers only to the typical col- 
chicine effects in stopping cell division, 
not to any general poisonous effect. In 
Chlamydomonas, reproduction continues 
in concentrations of colchicine which 
quickly stop cell division in higher plants. 
Moreover, a decreasing potency of the 
colchicine upon prolonged exposure can 
be seen in comparing the difference be- 
tween the control and experimental popu- 
lations after 50 and 100 hours (table 2). 
There is less difference at the end of 100 
hours, showing that the flagellates repro- 
duced actually faster than the controls 
after an initial retardation by the col- 
chicine. Other things being equal, the 
retardation should be cumulative, pro- 
ducing a progressively larger discrepancy 
between treated and control cultures. 
Actually other things are not equal, as is 
shown by the decrease in the rate of re- 
production of the controls, a normal 
trend in any culture of protozoa. Popu- 
lation density and age of culture must 
therefore be taken into consideration. 
Since these factors were not studied, de- 
tailed inferences cannot be drawn, but 
there is at least a suggestion that there is 
less effect of the colchicine during the 
second 50 hours. This could be inter- 
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preted as an acquired immunity or as 
actual destruction of the colchicine by 
Chlamydomonas. The figures for the 
0.005 per cent colchicine particularly 
suggest that the protozoa destroyed the 
colchicine, quickly reducing the chemical 
to a subliminal concentration. 

To test the possibility that the smaller 
final population is not the result of a gen- 
eral slowing of growth but rather results 
from destruction of the reproductive ac- 
tivity of part of the original population, 
as by blocking of mitosis, the percentage 
of the population so affected can be cal- 
culated. The figures so obtained are in- 
consistent. In the 0.005 per cent colchi- 
cine, a 40.6 per cent suppression of the 
original population would be necessary 
to account for the decreased reproduc- 
tion during 50 hours, but only 4.2 per 
cent for the difference between control 
and experimental at the end of 100 hours. 
Possibly some of the inhibited individ- 
uals could have recovered and caught up 
with the others, but it seems more prob- 
able that the effect of colchicine is a slow- 
ing of the rate of reproduction of all the 
population, perhaps through an entirely 
nonmitotic effect. No attempt was made 
to test the extent of resistance of Chlamy- 
domonas to colchicine, because even com- 
plete inhibition of reproduction would be 
inconclusive without cytological con- 
firmation of a metaphase block, and 
Chlamydomonas does not lend itself to 
critical examination of cytological de- 
tails. 

There is also some evidence of recov- 
ery from acenaphthene effect, which em- 
phasizes the possibility of a different sort 
of immunity from that found in Colchi- 
cum. Immunity to acenaphthene as well 
as to colchicine (Colchicum is immune 
only to colchicine) suggests that Chlamy- 
domonas is protected from a class of com- 
pounds similar to colchicine, rather than 
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from colchicine specifically. Ability to 
destroy certain types of chemicals is the 
simplest explanation of this general im- 
munity. 

Another interesting possible cause of 
colchicine resistance in unicellular or- 
ganisms should be considered. Mitosis 
in Chlamydomonas, and in all the species 
found resistant by Kinc and BEAms (17) 
—with the possible exception of Chilo- 
monas—is intranuclear. Metaphase and 
anaphase, the stages susceptible to col- 
chicine treatment, are completed within 
the nuclear membrane. One discordant 
note is the report of GAVAUDAN and 
KopozieFrF (13) of colchicine abnormal- 
ities in Chlamydomonas, but VANDEN- 
VRIES and GAVAUDAN (25), using Chlamy- 
domonas from the same source the fol- 
lowing year, were unable to obtain ab- 
normalities. Tests upon a series such as 
the closely related Polytomella, Para poly- 
tomella, and Polytoma, in which the nu- 
clear membrane disappears at successive- 
ly later stages in mitosis, should prove 
particularly interesting. 

Resistance of an organism to alkaloids 
is not to be regarded as an isolated phe- 
nomenon. WERNER (27) rightly empha- 
sizes that plants differ in their suscepti- 
bility to colchicine. DRAGONE-TEsTI (8) 
presents evidence that growth of Chlamy- 
domonas is actually improved by several 
alkaloids, although her data are not 
quantitative. Yeast also responds favor- 
ably to colchicine (23) and other alka- 
loids (11). Lutz (20) showed that nu- 
merous plants grew better when alka- 
loids were added to the nutritive medium 
and that the alkaloids disappear from the 
medium. RiIcHARDs (23) found that col- 
chicine can partly replace the usual 
sources of nitrogen for yeast. There is in 
HIGBEE’s report (15) a suggestion that 
even vertebrates are able to metabolize 
colchicine. Chicks injected with it re- 
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sponded as if to male sex hormone, evi- 
denced by stimulation of comb growth. 
This increase in cell proliferation may 
not have been a direct effect of the col- 
chicine, however, although its steroid 
structure makes such a direct action 
upon the comb reasonable to expect. 

These cases differ from the immunity 
of Colchicum in that the colchicine is pre- 
sumably destroyed and utilized in some 
other form. They are important in that 
they emphasize the general occurrence in 
organisms of processes which can alter or 
restrain alkaloids before any deleterious 
effect can be exerted. Until cytological 
verification of a colchicine effect upon 
additional resistant forms shows that the 
spindle is susceptible, it cannot be as- 
sumed that the mechanism of resistance 
is extra-mitotic. The resistance of yeast 
appears to be of this sort (24), and the 
available evidence at least leaves open 
the possibility that colchicine resistance 
in general depends upon metabolic proc- 
esses not directly concerned with spindle 
formation, as appears to be the case in 
Colchicum. 

In conclusion, it can be said that Col- 
chicum, while resistant to concentrations 
of colchicine 100 times those which com- 
pletely block mitosis in other angio- 
sperms, responds to high concentrations 
with a typical colchicine effect. Accord- 
ingly, the immunity of Colchicum resides 
not in a difference in the mitotic process 
but in some extra-mitotic protective 
agency. This resistance appears to be 
specific for colchicine. Chlamydomonas, 
resistant to acenaphthene as well as to 
colchicine, may possess a more general 
protective agency by which it escapes or 
inactivates any substances chemically 
similar to colchicine. This more general 
type of immunity may be the basis of 
resistance of organisms not related to 
Colchicum. 
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Summary 


1. Excised roots of Colchicum cultured 
in small vials are immune to 1 per cent 
colchicine. 

2. Mitosis in excised roots of C. bysan- 
tinum can be partly disrupted by 2.5 per 
cent colchicine and entirely blocked by 
5 per cent. Mitosis in C. autumnale is 
first disrupted and eventually completely 
blocked by 1o per cent colchicine. The 
effects are typical of those produced in 
other angiosperms. 

3. It is concluded that the immunity 
of Colchicum results from an extramitotic 
protection, not from a difference in the 
mitotic mechanism. 


4. Chlamydomonas pseudococcus, as 
judged by the rate of reproduction, is re- 
sistant both to colchicine and acenaph- 
thene. This immunity is not specific for 
colchicine and may represent the type of 
resistance found in organisms which do 
not naturally contain colchicine. 


I am indebted to Dr. R. P. Hat for 
the cultures of Chlamydomonas, and to 
the Harris Seed Store of Ann Arbor, and 
George Lawler of Tacoma, for assistance 
in obtaining Colchicum. 


DEPARTMENT OF ZOOLOGY 
UNIVERSITY OF MICHIGAN 
ANN ARBOR, MICHIGAN 


LITERATURE CITED 


1. ALBO, G., Sur la signification physiologique de la 
colchicine dans les différentes espéces de Colchi- 
cum et de Merendera. Arch. Sci. phys. nat. 12: 
227-236. 1901. 

2. Beams, H. W., ZELL, L. W., and Sutkin, N.M.., 
Cytological studies on yeast cells with special 
reference to the budding process. Cytologia 11: 
30-36. 1940. 

3. Bercer, C. A., Some criteria for judging the de- 
gree of polyploidy of cells in the resting stage. 
Amer. Nat. 75:93-96. 1941. 

4. BLAKESLEE, A. F., The present and potential 
service of chemistry to plant breeding. Amer. 
Jour. Bot. 26:163-172. 1930. 

5. BLAKESLEE, A. F., et al., Chromosome investiga- 
tions. Carneg. Inst. Wash. Year Book 37:35-40. 
1938. 

6. Brurs, A. M., and Couen, A., Effects of colchi- 
cine and related substances on cell division. 
Biochem. Jour. 30: 1363-1368. 1936. 

7. CornMAN, [., Disruption of mitosis in Colchicum 
by means of colchicine. Biol. Bull. 81: 297-208. 
1941. 

8. DraGone-Test1, G., Azione di alcuni alcaloidi 
sullo sviluppo di Chlamydomonas e di Euglena. 
Ann. di Bot. 20:38-43. 1933. 

g. Ercstr, O. J., A cytological study of colchicine 
effects in the induction of polyploidy in plants. 
Proc. Nat. Acad. Sci. 24:56-63. 1938. 

10. -———,, The effects of colchicine upon the divi- 
sion of the generative cell in Polygonatum, Tra- 
descantia, and Lilium. Amer. Jour. Bot. 27:512- 
524. 1940. 


11. Enpers, C., and WIENINGER, F. M., Die Beein- 
flussung des Vergiirungs- und Vermehrungs- 
vermigens der Hefe durch Alkaloide. Biochem. 
Zeitschr. 293:22-29. 1937. 

12. GAVAUDAN, P., GAVAUDAN, N., and Pomrt- 
ASKINSKY-KopozirFF, N., Sur l’influence de la 
colchicine sur la caryocinése dans les méri- 
stémes radiculaires de l’Allium cepa. Compt. 
rend. Soc. Biol. 125:705-708. 1937. 

13. GAVAUDAN, P., and Kopozierr, N., Action de la 
colchicine sur la caryocinése et la cytodiérése 
des Chlamydomonadinées. Compt. rend. Soc. 
Biol. 127:790-793. 1938. 

14. Henry, T. A., The plant alkaloids. 3d ed. 
Blakiston. 1939. 

15. HicBEE, E., Further effects of colchicine on de- 
veloping chicks (Abstract). Anat. Rec. 78: 
suppl. p. 48. 1940. 

16. JARFTZKY, R., and ScHENK, G., Versuche mit 
Acenaphten und Colchicin an Gramineen und 
Leguminosenkeimlingen. Jahrb. wiss. Bot. 89: 
13-19. 1940. 

17. KING, R. L., and Beams, H. W., A comparison 
of the effects of colchicine on division in protozoa 
and certain other cells. Jour. Cell. Comp. 
Physiol. 15: 252-254. 1940. 

18. Levan, A., The effect of colchicine on root mi- 
toses in Allium. Hereditas 24:471-486. 1938. 

19. ———, The effect of acenaphthene and colchi- 
cine on mitosis of Allium and Colchicum. Here- 
ditas 26: 262-276. 1940. 

20. Lutz, M. L., Recherches sur la nutrition des 


| 


BOTANICAL GAZETTE 


végétaux a l’aide des substances azotées de na- 
ture organique. Ann. Sci. nat. Bot. Ser. 8. 7:1- 
103. 1898. 

. Mancenot, G., Effet de la colchicine sur la 
mitose dans les racines d’Allium cepa et d’Hya- 
cinthus orientalis. Compt. rend. Soc. Biol. 128: 
501-504. 1938. 

——, L’action de la colchicine sur les cellules 
végétales. Compt. rend. Acad. Sci. 208:222- 
224. 1939. 

Ricuarpbs, O. W., Colchicine stimulation of 
yeast growth fails to reveal mitosis. Jour. Bac- 
ter. 36:187-195. 1938. 


24. Srnoto, Y., and Yuasa, A., Karyological studies 


[SEPTEMBER 


in Saccharomyces cerevisiae. Cytologia 11:464 
472. 1941. 

VANDENVRIES, R., and GAvAuDAN, P., Action 
de la colchicine sur quelques organismes inféri- 
eurs. Compt. rend. Acad. Sci. 208: 1675-1677. 
1939. 

Wapa, B., Lebendbeobachtungen iiber die Fin- 
wirkung des Colchicins auf die Mitose, insbe- 
sondere iiber die Frage der Spindelfigur. Cyto- 
logia 11:93-116. 1940. 

WERNER, G., Zytologische Untersuchungen iiber 
die Wirkun des Colchicins bei zwei verschieden 
reagierenden Pflanzen: Lein und Erbse. Biol. 
Zentralbl. 60:86-—103. 1940. 


62 
a5. 
I 
26. 
22 
23 27. 
is 
ir 
g 
b 
b 
d 
p 
h 
U 
| 
| 


BIOCHEMICAL NITROGEN FIXATION STUDIES. IV. EXPERIMENTS 
WITH EXCISED LEGUME NODULES 


FRANKLIN E. ALLISON, SAM R. HOOVER, AND F. W. MINOR 


Nitrogen fixation in leguminous plants 
is a symbiotic process which takes place 
in the root nodule and accompanies 
growth, although the rates at which 
growth and fixation occur are not neces- 
sarily parallel. Numerous attempts have 
been made to secure fixation with the 
bacteria alone or with uninoculated 
legumes, but there is no convincing evi- 
dence that either of the symbionts alone 
possesses this ability. A few workers 
have attacked the problem of symbiotic 
nitrogen fixation by removing the nod- 
ules from the plant and determining the 
uptake of nitrogen by whole or crushed 
nodules in the presence of various sub- 
strates. 

KRASCHENINNIKOV (6) seems to have 
been the first to report nitrogen fixation 
studies with excised nodules. Six- to 38- 
gm. samples of lupine and bean nodules 
alone, or attached to the roots, were 
maintained in a nitrogen-oxygen mix- 
ture, and at the end of 24-93 hours the 
decrease in nitrogen was measured. Five 
results with whole roots having nodules 
attached showed fixations of 0.17—1.68 ml. 
nitrogen (average 0.69 ml.); nineteen re- 
sults with nodules alone gave results 
varying from —o0.33 to 2.27 ml. nitrogen 
(average 0.49 ml.) fixed. He concluded 
that if adequate oxygen is supplied to 
permit intensive respiration, nitrogen 
fixation can be observed, although it is 
small. 

BEIJERINCK (4) experimented with 
10 1000-gm. samples of nodules of yel- 
low lupine, serradella, broad bean, and 
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locust maintained at 25° C. in air in wide 
glass tubes for periods up to 20 days. 
Nitrogen changes, measured gasometri- 
cally, showed no fixation in any case. 
Witson, Hopkins, and Frep (13) kept 
small samples (0.4-0.8 gm.) of pea 
nodules for 22-30 days, either in a flask 
supported on glass beads above a nu- 
trient solution or in a well-aerated tower 
where they were bathed with a mannitol- 
phosphate nutrient solution at intervals. 
Analyses for nitrogen by the Kjeldahl 
method showed no fixation. GALESTIN 
(5) likewise observed no nitrogen fixation 
in five experiments in which 345~—510 gm. 
of nodules of yellow lupine were main- 
tained for 2—3 days in a special apparatus 
designed to allow gas circulation. Nitro- 
gen changes were measured gasometri- 
cally. 

It may be noted that when WINo- 
GRADSKY (14) presented his hypothesis 
that the ammonia evolved from excised 
nodules is a direct product of nitrogen 
fixation, he assumed that such nodules 
could fix nitrogen. In the absence of 
proof of fixation, his arguments obvious- 
ly carry little weight. 

Recently VrirtaANEN (9) and Vir- 
TANEN and LAINE (10, 11) reported 
nitrogen fixation with whole or crushed 
pea nodules kept in a medium containing 
oxalacetic acid, but not with glucose alone 
as the substrate. Nitrogen fixation was 
demonstrated both by the Kjeldahl 
method and by decrease in the volume of 
nitrogen gas. They (11) state that dis- 
tinct nitrogen fixation occurred within a 
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few hours in all cases where neutral oxal- 
acetic acid was present. The results of 
the one experiment reported in detail 
show a ro per cent increase in nitrogen in 
24 hours. Attempts to duplicate Vir- 
TANEN’S results with excised pea nodules 
have given negative results (15, 12). In 
fact, about 75 per cent of the oxalacetic 
acid was decomposed by the crushed 
nodules within an hour, and practically 
all had disappeared within 3 hours. 

The present paper gives the results of 
nitrogen fixation experiments with whole 
and crushed nodules, as well as with ex- 
tracted juices, using several experimental 
methods and plant species. Brief refer- 
ence (1) has already been made to these 
studies, nearly all of which were com- 
pleted prior to 1937. 


Methods 


The procedure in most of the experi- 
mental work consisted in placing freshly 
gathered and thoroughly washed nodules 
in a mineral-sugar culture solution (2) in 
Warburg vessels and analyzing for de- 
crease in volume of nitrogen gas after 
various periods. The manometers at- 
tached to the vessels were filled with 
mercury instead of with the usual 
Brodie’s solution, since the gas changes 
due to respiration were comparatively 
large. The nodules were kept in various 
gas mixtures at a temperature of 28° C. 
and constantly shaken throughout the 
experiment. They were not sterilized 
except in a (noted in the 
tables). The depth of culture medium 
(usually 2 ml. per vessel) was such that 
ordinarily about half the larger nodules 
were immersed and the other half ex- 
posed to the atmosphere. In a few ex- 
periments nodules were placed in a 
liquid culture soution in 


few cases 


Erlenmeyer 
lasks or in large Petri dishes at various 
temperatures, where they were only 
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partially submerged, and the nitrogen 
uptake measured by determination of 
total nitrogen at the beginning and end 
of the experiment. Most of the details 
of the procedure followed have already 
been described (2). 

Three methods of measuring the gain 
or loss of nitrogen by the nodules were 
used. 

1. In the experiments reported in 
table 1 the gas was removed from each 
Warburg vessel at the end of the experi- 
ment by immersing the vessels (still at- 
tached to the manometers) in mercury, 
removing the glass stopper, and catching 
the gas displaced in a test tube. The 
percentage composition of this sample, 
as well as that of the gas mixture origi- 
nally introduced, was determined by the 
gas analysis method (8). The volumes 
of gas at normal temperature and pres- 
sure originally and at the end of the 
experiment were calculated from the 
vessel constants and the manometer 
readings. In this way the increase or de- 
crease in nitrogen was readily calculated. 

2. In the experiments reported in 
table 2 the changes in nitrogen were 
measured in Warburg respirometers. 
The nitrogen present at the beginning 
was calculated from the volume of the 
vessel and either the known composition 
of air or manometric data on blank 
vessels from which the oxygen had been 
absorbed. That present at the end of the 
experiment was calculated from mano- 
metric data after absorption of the oxy- 
gen, which was accomplished by pyro- 
gallol in a side-arm into which alkali 
was tipped from an adjacent side-arm. 
Since acid pyrogallol does not absorb 
oxygen, its consumption could be meas- 
ured in the usual way. Final manometric 
readings were made 20 minutes after ad- 
dition of the alkali to the pyrogallol. 


3. In the experiments reported in 
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TABLE 1 
NITROGEN FIXATION BY YOUNG COWPEA NODULES MAINTAINED 
IN WARBURG RESPIRATION VESSELS 


J GAS VOLUME IN ML. (N.T.P.) 
WeIGHT Gu COSE rime 
(GM.) (%) (HOURS) 
We) INITIAL Nz FIXED 
Experiment 1: 
Nodules, whole I 49.8 4° 22 9.37 9.89 —0.52 
\ Nodules, whole I 49.8 3° 22 9.30 9.91 —0.52 
| Nodules, whole I 49.8 22 Q.21 9.51 —0.30 
Nodules, whole I 49.8 3° 22 9.30 9.37 —0.07 
Nodules, whole 1 49.8 3° 22 9.60 9.91 —0o.31 
Nodules, whole I 49.8 22 9.69 g.81 —0.12 
Nodules, wholet I 49.8 3* 22 8.97 9.47 —o.50 
| Nodules, whole I 40.8 ° 22 9.43 9.76 —0.33 
| Experiment 2: 
} Nodules, crushed I 49.8 ° 9 8.44 8.72 —o.28 
| Nodules, crushed I 49.8 I 9 8.76 8.90 —o.2 
Nodules, crushed I 49.8 I 0 8.84 8.93 —0.09 
Nodules, whole I 49.8 ° 9 8.90 9.08 —o.18 
Nodules, whole. . I 49.8 ° 0 8.69 8.88 —0.19 
Nodules, whole I 49.8 9 8.81 —o.60 
Nodules, whole. I 49.8 1 9 8.62 8.95 —0.33 
Nodules, crushedt I 49.8 I 9 $. 36 8.76 —o.41 
Nodules, wholet I 49.8 I 9 8.57 8.71 —0O.14 
Roots I 49.8 I 9 8.13 8.30 —0.17 
Roots I 49.8 I 9 8.58 8.88 —0.30 
Experiment 3: 
Nodules, crushed I 49.8 I 13 9.42 9.75 —0.33 
Nodules, crushed I 49.8 I 13 9.20 9.58 —0.29 
Nodules, crushed I 49.8 I 28 9.30 0.35 —0.05 
Nodules, crushed I 49.8 I 28 9.81 9.80 0.0 
Roots ; I 49.8 I 28 9.84 10.14 —0.30 
Nodules, crushed I ° ° 50 18.38 18.47 —0.00 
Nodules, crushed I ° I 50 18.01 ©.24 
Roots I ° I 50 17.76 18.00 —0.24 
Experiment 4: 
Nodules, whole§ I ° I 44 17.36 17.23 0.13 
Nodules, whole§ I ° 1 68 15.79 14.48 1.31 
Nodules, crushed§ I ° I 44 17.10 17.05 0.05 
Nodules, crushed§ 1 ° 1 68 16.73 16.65 0.08 
Roots... I ° I 44 17.59 18.65 —1.06 
Roots. ... I ° I 68 16.88 17.93 —1.05 
Nodules, crushed I ° ° 44 16.94 16.85 0.09 
Nodules, crushed I ° I 44 16.76 16.64 0.12 
Nodules, crushed I ° I 44 16.00 15.85 0.15 
Nodules, crushed 0.5 ° I 44 17.56 17.48 0.08 
Nodules, crushed 0.5 ° 1 44 16.01 16.01 ©.00 
* Sucrose substituted for glucose. 
t Sterilized 1 minute in 90% alcohol and then washed 
These vessels contained 0.2 ml. of 1: 100 solution. 
§ Nodules and vessels sterilized for 3 minutes in acetone before using 
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TABLE 1—Continued 


WEIGHT 
MATERIAL USED 
(GM.) 


Experiment 5: 
Nodules, dried ° 
Nodules, dried... . ° 
Nodules, dried. . 
Nodules, dried ° 
Nodules, dried ° 
Nodules, dried ° 


“xperiment 6: 
Nodules, whole 
Nodules, whole 
Nodules, whole 
Nodules, whole 
Nodules, crushed 
Nodules, whole 
Nodules, whole 
Nodules, crushed 


NNN NNN 
t 


“xperiment 7: 
Nodules, whole 
Nodules, whole 
Nodules, whole 
Nodules, whole 
Nodules, whole 
Nodules, whole 
Roots 
Roots 
Nodules, whole 


|| Additional oxygen added at intervals to replace that consumed in respiration 


table 3 nitrogen fixation was measured 
by the Kjeldahl method. 


Experimental results 

PRELIMINARY EXPERIMENTS USING EX- 
CISED SWEET CLOVER NODULES.— Young 
sweet clover nodules, either whole or 
crushed, were maintained in Warburg 
respiration vessels for 24 hours in a 
mineral solution containing 3 per cent 
sucrose. The original gas mixture con- 
sisted of 49.8 per cent oxygen in nitro- 
gen, but most of the oxygen was con- 
sumed within 12-15 hours. Additional 
oxygen was not added during the experi- 
ment. The gas analyses, not reported in 
detail, gave no evidence that appreciable 
nitrogen fixation occurred. 

ANALYSES BY SHEPHERD GAS ANALYSIS 


IN Nz 


GAS VOLUME IN ML. (N.T.P.) 


(%) | (Hours) | 

| N2| N: | FIXED 
3 20 13.92 | 14.19 | —0.27 
3 45 $3.72 | 13.00 | 
3 45 13.43. 13-07 | 
3 45 10.04 | 1060.52 | —0.48 
3 45 17.10 
3 45 16 62 16.28 | 

| 
3 44 12.44 | 12.83 | —0.39 
3 44 13.40 | 13.35 0.05 
3 26 12.45 12.53 | —0.08 
3 26 12.19 —0.04 
3 19 11.62 11.64 | —0.02 
3 26 0.10 
3 26 12.44 12.41 | 0.03 
| 

3 29 14.62 | 14.61 | 0.01 
3 29 15.07 15.10 —0.03 
3 20 13.70 | 13.72 | —0.02 
3 29 13.72 | 13.62 | 0.10 
3 19 17.93 0.22 
3 19 18.19 18.10 0.09 
3 2 13.90 13.96 —0o.06 
3 2 14.93 14.93 fo) 
3 2 15.32 ° 


METHOD USING EXCISED COWPEA NOD- 
ULEs.—In these experiments a number 
of variables were tested (table 1), in- 
cluding oxygen and nitrogen percentages, 
glucose concentration, and the effect of 
crushing. Roots were used as a control. 

In only one vessel was there fixation 
of as much as 0.5 mg. nitrogen, and in 
this case a similarly treated vessel, 
except for a shorter incubation period, 
showed no significant decrease in volume 
of the gas. A summary of the analytical 
results gives no indication of nitrogen 
fixation. The tendency for a slight in- 
crease in nitrogen in the various flasks 
can undoubtedly be attributed to ex- 
perimental error, since a careful study of 
all the possible errors showed that most 
of these would tend to give negative 
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rather than positive nitrogen fixation. ANALYSES MADE DIRECTLY IN WAR- 
Transfer of the gas sampies from the BURG VESSELS USING CROWN VETCH AND 
Warburg vessels to the analytical appa- SOYBEAN NODULES. In these experi- 


TABLE 2 
NITROGEN FIXATION BY YOUNG CROWN VETCH AND SOYBEAN NODULES 
MAINTAINED IN WARBURG RESPIRATION VESSELS 


GAS VOLUME IN ML. (N.T.P.) 


WeIcHT Time 
(GM.) HOURS) 
InitiaAL Nz FINAL N; N. FIXED 
Experiment 8: 
| Vetch nodules, whole ':< 6 13.91 13.90 0.01 
Vetch nodules, whole t.5 6 | 14 46 14.45 0.01 
Vetch nodules, whole I 6 13.37 ©.07 
Vetch nodules, whole I 6 | 14.78 14.76 0.02 
} 
Experiment 9: 
Soybean nodules, whole. I ° 10.89 | 10.91 —0.02 
Soybean nodules, whole. I ° 12.69 12.71 —0.02 
Soybean nodules, whole. is 10 12.71 12.65 | .06 
Soybean nodules, whole ¥.5 10 12.67 12.65 0.02 
Soybean nodules, whole 1 10 12.70 | 12.68 0.02 
Soybean nodules, whole I 10 12.86 12.82 0.04 
Soybean roots 2 10 13.35 13.30 —0.0!1 
Blank ° 10 14.74 | 14.73 0.01 
Experiment to: 
Soybean nodules, whole I ° 13.67 13.66 0.01 
Seybean nodules, whole I 11 6.35 | 16.233 —0.02 
Soybean nodules, whole. I 11 13.83 | 13.78 0.05 
Soybean nodules, whole. 2 11 13.86 |} 13.91 | —0.05 
Soybean nodules, whole 2 11 12.56 | 12.52 0.04 
Soybean roots 2 11 32:70 | —0.04 
Blank. ° 11 14.88 14.88 ©.00 
Experiment 11: 
Vetch nodules, whole I 2 13.11 13.16 —0.05 
Vetch nodules, whole I 2 10.53 10.57 —0.04 
Vetch nodules, whole I 9.3 11.39 | 42.35 0.04 
Vetch nodules, whole 2 7 10.44 | 10.43 0.01 
Vetch nodules, whole 2 7 10.80 | 10.78 0.02 
Blank ° 0.3 12.03 12.01 0.02 
Experiment 12: 
Soybean nodules, whole 2 8.5 11.59 11.60 —0.01 
Soybean nodules, wholet 2 8.5 11.78 11.76 | 0.02 
Soybean nodules, whole 2 8.5 "3.33: |. 3346 —0.03 
Soybean nodules, wholet 2 8.5 11.84 | 11.88 —0.04 
; Soybean nodules, wholet 2 8.5 11.87 11.86 0.01 
Soybean nodules, wholet 2 8.5 11.32 11.35 —0.03 
Blank : ° 8.5 15.39 15.44 —0.05 
* All plant material maintained in 216% O2 in Na and in usual basal medium containing 2°; glucose 
t These vessels had 0.3 ml. KMnNO, in side-arms for absorption of any hydrogen gas produced. 
ratus was accomplished with some diffi- ments air was used as the initial gas, and 
culty, and the chances of error in this final analysis was made before the ma- 
operation were greater than in the subse- nometer readings indicated that the 
quent analysis. oxygen was all used up (table 2). This 
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prevented the evolution of hydrogen gas, 
which earlier experiments had shown is 
given off under anaerobic conditions. 
Any hydrogen evolved would not be ab- 
sorbed by alkaline pyrogallol, of course, 
and would obscure any fixation that 
might have taken place. 

The extreme accuracy of this method 
is due in large part to its simplicity, par- 
ticularly since it is unnecessary to 
transfer the gas sample. So long as the 
only gases involved are nitrogen, oxy- 
gen, and carbon dioxide, the method is 
very satisfactory. An average of all the 
thirty-two analyses reported in table 2 
shows extreme variations, ranging be- 
tween +0.09 and —o0.06 mg. nitrogen. 
Certainly there is no evidence that whole 
or crushed nodules maintained in air in 
a 2 per cent glucose solution can fix 
atmospheric nitrogen. 

ANALYSES FOR TOTAL NITROGEN BY 
KJELDAHL METHOD USING COWPEA NOD- 
ULES KEPT IN ERLENMEYER FLASKS AND 
PETRI DISHES.—In table 3 are given the 
results of one series of experiments run in 
Erlenmeyer flasks and one in Petri 
dishes. In the Erlenmeyer experiment 
the degree of aeration was varied, par- 
ticularly with the idea of keeping the 
oxygen concentration below that in air, 
since the inner tissues of ordinary nod- 
ules are partially anaerobic (2). In the 
experiment with Petri dishes the nodules 
were kept for 24-72 hours at various 
temperatures to determine whether the 
nitrogen fixed would be greater under 
conditions where nodule disintegration 
was markedly slowed down. 

The analyses show variations between 
+0.57 and —o.10 mg. nitrogen fixed for 
each 1- or 2-gm. sample. While the aver- 
age shows a slight fixation, the quantity 
is so small as to be almost negligible. 
The fixations of 0.22-0.57 mg. nitrogen 
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obtained at 4°-12°C. 
significant. 

NITROGEN FIXATION IN PRESENCE OF 
OXALACETIC ACID.-—-As_ already stated, 


may be barely 


TABLE 3 


NITROGEN FIXATION BY YOUNG COWPEA NOD- 
ULES MAINTAINED IN NUTRIENT SOLUTION IN 
ERLEN MEYER FLASKS OR PETRI DISHES 


NITROGEN (MG 


MATERIAL (NODULES Time 


AND TREATMENT HOURS)! To. | Aver- | FIXxe! 
) 


TAL AGE 
Experiment 13: Erlenmeyer 


Untreated ° 6 

Untreated ° 9.4 

Untreated ° 9.5 

Untreated 97 55 

Aerated with air 24 9 6 

Aerated with air 24 93 45 |-0 10 

Aerated with 2° O. in 24 10.2 

Aerated with 2°, O. in N, 24 9.3 

Aerated with 2°, O. in N, 24 92 9.37 

Aerated with N 24 9.5 

Aerated with 24 10.4 

Aerated with N, 2 9.7 

Aerated with 24 9 6 9 © 2 

In cotton-stoppered flasks 24 9.5 

In cotton-stoppered flasks 24 98 

In cotton-stoppered flasks 24 9.5 

In cotton-stoppered flasks 24 10 oO 9.70 0.15 
Experiment 14: Petri dishest 

Untreated ° 18 9 

Untreated ° 19 3 

Untreated 

Untreated ° 19.3 | 19.08 

Kept at 28°C 24 19 2 

Kept at 28°C. 24 19 3 

Kept at 28°C 24 Ig I 

Kept at 28°C 24 I8. 9g | 19.13 © 05 

Kept at 12°C 24 19.5 | 

Kept at 12°C 24 19 9 

Kept at 12°C 24 19 4 

Kept at 12°C 24 18.8 | 19 40 0.32 

Keptat 4°C 24 19 9 

Keptat 4°C 24 200 

Keptat 4°C 24 19 7 

Kept at 4°C 24 19 0 | 19 65 0.57 

Kept at 12°C 72 19.7 

Kept at 12° 72 19 4 19.55 0.47 

Kept at 4° C 72 19.6 

Kept at 4° ¢ 72 19.0 | 19.30 © 22 


* One gm. of nodules incubated in 50 ml. of mineral medium 
containing 2°; mannite and 1°% glucose. 


+ Two gm. of nodules incubated in air in 25 ml. of mineral- 
mannite-glucose medium. 


marked increases have been reported in 
the nitrogen content of pea nodules kept 
in a medium containing neutralized 
oxalacetic acid (9g, 10, 11). The writers 
had hoped to check this finding thor- 
oughly but have not as yet had an op- 
portunity to do so. A few preliminary 
experiments using cowpea and peanut 
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nodules gave inconclusive results, but the 
nodules used were from rather mature 
plants. Incidentally, pure cultures of 
rhizobia supplied with oxalacetic acid 
also fixed no nitrogen. Evidently the 
claims as to the importance of oxalacetic 
acid in the nitrogen fixation process, as it 
occurs in the nodule, will need confirma- 
tion, especially in view of some negative 
results (12, 15). 

NITROGEN FIXATION WITH ENZYMES 
EXTRACTED FROM NODULES.—BACH, 
YERMOLIEVA, and STEPANIAN (3) re- 
ported that the juices pressed from A zoto- 
bacter and added to a phosphate buffer 
solution containing mannite or glucose 
fixed as high as 276 mg. nitrogen per 
gram of glucose consumed, of which 223 
mg. was ammonia nitrogen. ROBERG (7) 
carried on similar experiments but in no 
case found evidence of nitrogen fixation 
by Azotobacter juices treated in a variety 
of ways. 

Shortly after BAcH and co-workers 
published their paper, a series of fifteen 
experiments, each involving a number of 
variables, was conducted in this labora- 
tory using the juices of legume nodules 
instead of that from Azotobacter. In gen- 
eral, the investigations were conducted 
in the same manner as those carried out 
by the Russian workers. Hairy vetch or 
cowpea nodules were usually ground in 
sand and celite and pressed in a hydraulic 
press at 5,000-20,000 pounds per square 
inch and the juices added in various pro- 
portions to a phosphate buffer solution 
(200 mg. K,HPO, per liter), maintained 
in thin layers in Erlenmeyer flasks. 
Glucose or mannitol was supplied to most 
of the cultures. The juices were usually 
sterilized by passing through an L, filter 
candle, but in a few cases pasteurization 
at 60° C. for periods of 20 minutes to 2 
hours was used. In some cases unsteril- 


ized juices and press cake were also 
added to the sugar-phosphate culture 
medium. Most experiments were con- 
ducted at 28° C., although a few of the 
cultures were kept at 10° C. The pH was 
varied between 5.5 and 7.5. The incuba- 
tion period was 2-9 days. In some tests 
the enzyme solutions were aerated with 
air and provision made for catching any 
ammonia that might be evolved. Micro- 
Kjeldahl analyses for nitrogen were made 
on the freshly pressed juice and on the 
juice plus culture medium at the end of 
the experiment. A few nitrogen fixation 
determinations were made in Warburg 
respiration vessels using pyrogallol to 
absorb the gas, as already described in 
connection with studies of whole nodules. 
There was no indication that the en- 
zymes extracted from nodules possess 
the power to fix nitrogen apart from the 
living cell. 


Discussion 

The results reported here are in agree- 
ment with previous data in showing that 
excised nodules, even though supplied 
with glucose, sucrose, or mannite, do not 
fix appreciable quantities of atmospheric 
nitrogen. The fixation at 4°-12°C. of 
0.22-0.57 mg. nitrogen per 2-gm. sample, 
as shown by Kjeldahl analysis, may be 
barely significant but represents at most 
only a 3 per cent gain over the controls. 
In all experiments where analyses were 
made by gasometric methods there was 
a slight tendency toward negative rather 
than positive fixation. The results given 
in table 2, which are the most accurate 
of those reported here, detinitely show no 
fixation. Incidentally, the number of 
negative results obtained with unsteri- 
lized nodules, maintained in a glucose- 
mineral medium, shows that A zolobacter 
is not a serious factor in experiments 
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such as these, at least not unless the in- 
cubation period is longer than 24 hours. 

These studies also show that the direct 
gasometric determination of nitrogen 
fixation in Warburg vessels or similar 
apparatus, according to the method 
given, is a satisfactory way of measuring 
nitrogen gas changes in plant material 
such as nodules, provided hydrogen or 
gases other than carbon dioxide are 
known not to be evolved. One objection 
to the method, however, is that the rate 
of respiration of nodules is such that 
usually most of the oxygen in the ordi- 
nary Warburg vessel is consumed within 
about 12 hours, using a 1-gm. sample of 
nodules, and of course proportionately 
sooner with larger samples. For most ex- 
periments it would be better to use a 5- 
or 1o-gm. sample and continue the ex- 
periment for about 24 hours. This would 
necessitate the use of vessels other than 
the usual Warburg ones, or else oxygen— 
which unfortunately is seldom free from 
impurities—would have to be added at 
rather frequent intervals. If anaerobic 
conditions develop, hydrogen is usually 
evolved and the method is unsatisfac- 
tory. 

In general, these experiments would 
seem to indicate that legume nodules 
ordinarily either cease fixing atmospheric 
nitrogen when excised or else fixation 
continues at such a slow rate that it can- 
not be measured accurately. Since nod- 
ules decompose quickly after being re- 
moved from the plant, and since the rate 
of fixation when attached to the plant is 
known to be more or less proportional to 
the rate of growth of the plant, it is not 
surprising that the quantity of nitrogen 
fixed by nongrowing excised nodules is at 
best small. These studies further sug- 
gest that in future nitrogen fixation ex- 
periments with excised nodules reliance 
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should be placed on gasometric methods 
of analysis, using larger samples of 
nodules than customarily used in the 
present work. There is no indication that 
an incubation period longer than 1-2 
days would be advantageous, unless the 
work is done at low temperatures or 
under other conditions where nodule dis- 
integration is less rapid than under ordi- 
nary conditions. 


Summary 


Experiments with excised nodules of 
sweet clover, cowpea, crown vetch, soy- 
bean, and hairy vetch attempted to de- 
termine whether such nodules possess the 
ability to fix atmospheric nitrogen when 
maintained in culture solutions in the 
laboratory. Nitrogen fixation was deter- 
mined by a standard gas analysis meth- 
od, as well as directly in Warburg 
respiration vessels and also by Kjeldahl 
analysis for total nitrogen. The results 
were as follows: 

1. No nitrogen fixation was observed 
with whole or crushed nodules kept in 
Warburg vessels at 28° C. in various gas 
mixtures and in a mineral-culture solu- 
tion containing sucrose, glucose, or man- 
nite. 

2. A 1-3 per cent increase in nitrogen, 
which is scarcely significant, was ob- 
tained in a few cases where nodules were 
kept in thin layers of a mannite-glucose 
medium at 4°-12° C. for 1-3 days. 

3. Pure cultures of rhizobia did not 
fix nitrogen when supplied with oxalace- 
tic acid. A few similar experiments with 
excised nodules gave negative or incon- 
clusive results. 


4. Fifteen series of experiments, in 
which many variables were considered, 
gave no evidence that the juices ex- 
tracted from nodules and sterilized by 
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passing through filter candles can fix 
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mospheric nitrogen when incubated in 
ineral-sugar solutions. These results 


agree with those obtained in similar 


st 
A 


udies conducted by RoBERG using 
zotobacter juices, but not with those of 


BacH, who reported nitrogen fixation 
with similar material. 
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The writers are indebted to ELLEN K. 
Rist for most of the Kjeldahl nitrogen 
analyses and to E. C. BUTTERFIELD of 
the Bureau of Plant Industry for supply- 
ing some of the plant material. 


BUREAU OF PLANT INDUSTRY 


U.S. DEPARTMENT OF AGRICULTURE 


WasurncTon, D.C. 
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MICROSPOROGENESIS AND DEVELOPMENT OF SEED IN 
LOBELIA CARDINALIS' 


GEORGE OLDS COOPER 


(WITH FORTY FIGURES) 


Introduction 


Lobelia cardinalis L., a red-flowered 
member of the Lobeliaceae, grows on low 
ground and in swampy places. Little, if 
any, detailed investigation has been done 
on microsporogenesis and development of 
the seed in this species. The haploid chro- 
mosome number has been reported as 
seven by De ViILMoRIN and SIMONET 
(10). Early workers on this genus de- 
scribed the development of the ovule 
through meiosis and, in a few instances, 
the development of the megagameto- 
phyte. The findings of BALICKA-IWAN- 
OWSKA (1), BILLINGs (2), and KAUsIK (9) 
on the development of the megagameto- 
phyte agree in general. Their observa- 
tions on the behavior of certain endo- 
sperm cells functioning as haustoria have 
proved interesting in the light of this pres- 
ent investigation. 

The relationship of the vascular strand 
which supplies the ovule to the develop- 
ment of the endosperm and the embryo 
has been traced in L. cardinalis. This ex- 
tends the type of observations made by 
D.C.Coorer (4) on Phryma le ptostachya, 
by G. O. Cooper (7) on Plantago lanceo- 
lata, and by FARLEY and HUTCHINSON (8) 
on Medicago. 

Buds of various stages, open flowers, 
and young fruits were gathered in late 
July from plants in the horticultural 

‘ The writer expresses his appreciation to the De- 
partments of Botany and Genetics, University of 
Wisconsin, for the facilities made available during 
the course of this investigation. 
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gardens at the University of Wisconsin. 
They were fixed either in Carnoy’s solu- 
tion orin Karpenchenko’s modification of 
Navashin’s solution, imbedded in parafiin, 
sectioned at 14m, and stained in Dela- 
field’s haematoxylin and counterstained 
with safranin. 


Investigation 
MICROSPOROGENESIS 


Each locule of the anther contains 
many microspore mother cells, which in 
turn are surrounded by a conspicuous 
tapetum. The tapetal cells are uninu- 
cleate (fig. 1), later becoming binucleate 
as the sporogenous cells undergo the pro- 
phase stages of meiosis (fig. 2). The nu- 
clei of the microspore mother cells be- 
come greatly enlarged during the late pro- 
phase stage. Seven pairs of chromosomes 
are present at diakinesis (fig. 3). At the 
first meiotic metaphase the nuclear mem- 
brane and the nucleolus have disappeared 
and the chromosomes are massed near 
the center of the nuclear cavity. A bi- 
polar spindle forms, with the chromo- 
somes arranged on the equatorial plate 
midway between the poles (fig. 4). Again 
seven pairs of chromosomes are seen in 
polar view of the spindle (fig. 5). The cy- 
toplasmic sheath observed by D. C. 
Cooper (3) and G. O. Cooper (5, 6) is 
present in this species also. This sheath 
is more constant than has hitherto been 
described. The nuclei at interkinesis do 
not take on the characteristics of resting 
nuclei and remain for a short time at the 
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Fics. 1-6.—Microsporogenesis: Fig. 1, longisection through anther, showing uninucleate tapetum, nuclei 
of sporogenous tissue at synizesis; X 700. Fig. 2, tapetal cells binucleate, nuclei of sporogenous tissue at 
prophase; X7oo. Fig. 3, diakinesis, seven pairs of chromosomes; X 3200. Fig. 4, first meiotic metaphase; 
X 2400. Fig. 5, polar view; X 3200. Fig. 6, interkinesis; X 2400. 
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late prophase stage (fig. 6). An ephem- 
eral cell plate is laid down and portions of 
it can be traced into the second meiotic 
division. 
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seen in polar view (fig. 74). The second 
meiotic division results ina cell containing 
four nuclei. The spindles of this division 
persist for a time, and cell plates are 


FIGs. 7 


The spindles of the second meiotic 
metaphase lie parallel to or at right angles 
with each other. The ephemeral cell 
plate of the first meiotic division sepa- 
rates the two spindles (fig. 7). The hap- 
loid complement of seven chromosomes is 


7-12.—Microsporogenesis: Fig. 7, second meiotic metaphase; X 2400. Fig. 7A, polar view; X 3200. 
Fig. 8, cytokinesis, partition walls appearing; X 2400. Fig. 9, mature microspore; X 2400. 
pollen grain; X 2400. Fig. 12, mature pollen grain; X 2400. 


Figs. 10, 11, young 


formed midway between the daughter nu- 
clei (fig. 8). Later the cell plates split and 
four spores are formed, each with a single 
nucleus. The spores are soon released 
from the microspore mother cell wall and 
lie free in the theca. The microspore, 
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which is slightly ovoid, increases in size, 
and the wall develops a smooth exine 
(fig. g). The nucleus of the microspore 
migrates to one side of the cell, and the 
cell divides mitotically to form a large 
tube cell and a smaller generative cell 
(fig. 10). The young microgametophyte 
enlarges further (fig. 11), and shortly be- 
fore pollination the generative cell divides 
to form two male gamete cells. The tube 
cell nucleus at the time of pollination 
shows signs of disintegration. Three 
germ pores are arranged equidistant 
about the pollen grain. A conspicuous 
vacuole is present within each pore, cov- 
ered with a thin intine (fig. 12). 


DEVELOPMENT OF OVULE 


Each flower bears a single pistil com- 
posed of two united carpels. Each carpel 
produces many ovules that are borne at- 
tached to the axile placenta. The divid- 
ing septum in the course of growth be- 
comes greatly enlarged, is spongy in tex- 
ture, and is permeated by a much 
branched vascular system which leads to 
the many ovules. The ovules appear as 
rounded outgrowths and arch shortly to- 
ward the apex of the ovary. An apical 
hypodermal cell that functions as the 
archesporial cell differentiates early (fig. 
13). The archesporial cell functions as 
the megaspore mother cell. As the mega- 
spore mother cell increases in size, a 
single integument arises as a meriste- 
matic outgrowth of the ovule about the 
nucellus (fig. 14). 

Continued growth of the integument 
and elongation of the funiculus bend the 
ovule inward, so that the integument al- 
most touches the placenta. This bending 
is brought about by the more rapid divi- 
sions and elongations of those cells in the 
chalazal region of the ovule opposite the 
region of the megaspore mother cell, 
causing the ovule to curve inward more 


sharply. The continued growth of the 
integument completely incloses the nu- 
cellus, except for a short passage— the 
micropyle. 

When the ovule is partly mature the 
xylem of the vascular strand can be 
traced part way into the base of the funic- 
ulus. Long, narrow conducting cells ex- 
tend from the tip of the vascular strand 
in the funiculus toward the chalazal end 
of the megagametophyte. Their dense 
cytoplasmic content and ovoid nuclei 
distinguish them from the other paren- 
chymatous cells of the ovule (fig. 38). A 
group of nutritive cells having dense cy- 
toplasmic content are found about the 
nucellus at the chalazal end of the mature 
megagametophyte. Small isodiametric 
cells, which also function as conducting 
cells, lie between these nutritive cells and 
the long conducting ones (fig. 39). In the 
early development of the ovule it is diffi- 
cult to distinguish these cells from the 
adjacent ones of the ovule. The paren- 
chymatous conducting cells remain finely 
vacuolate until the ovule is fairly mature 
and probably function in osmotic conduc- 
tion from the vascular strand to the de- 
veloping seed (fig. 40). 


MEGASPOROGENESIS 


When the integument is forming the 
megaspore nucleus is approaching syni- 
zesis, and at diakinesis seven pairs of chro- 
mosomes are present (fig. 15). Following 
diakinesis, with the disappearance of the 
nuclear membrane and the nucleolus, 
seven pairs of chromosomes are arranged 
on the spindle at the meiotic metaphase 
(fig. 16). Likewise in polar view the 
paired nature of the chromosomes can be 
observed (fig. 17). Two cells are formed 
as a result of this division (fig. 18). The 
second meiotic division results in four 
cells, the larger toward the chalazal end 
of the ovule becoming the functional 


Fics. 13-23.—Megasporogenesis: Fig. 13, young ovule with hypodermal archesporial cell; X 800. Fig. 14 
early development of single integument; S800. Fig. 15, diakinesis, seven pairs of chromosomes; X 2132. 
Fig. 16, first meiotic metaphase; X 1000. Fig. 17, polar view; X 2132. Fig. 18, interkinesis; X 1000. Fig. 10. 
linear row of megaspores; X 1000. Fig. 20, enlarged chalazal megaspore, three disintegrating spores; X 1000. 
<a lig. 21, first division of megaspore nucleus; X 1600. Figs. 22, 23, two-nucleate megagametophyte; fig. 23, 
nucellar cells toward micropylar end broken down; X 1000. 
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megaspore (fig. 19). The three spores to- 
ward the micropylar end soon show signs 
of disintegration (fig. 20), and upon di- 
vision of the nucleus of the functional 
megaspore the nucellar cells in this region 
break down (fig. 21). The two nuclei from 
the division of the megaspore nucleus 
migrate to opposite ends of the cell (fig. 
22). Before these nuclei divide again the 
cell becomes greatly elongated and a large 
vacuole occupies the mid-portion (fig. 23). 
These daughter nuclei divide to form a 
four-nucleate cell (fig. 24), and one fur- 
ther division occurs, producing an eight- 
nucleate cell (fig. 25). Cell plates are 
present at this division and ultimately a 
seven-celled eight-nucleate megagameto- 
phyte results (fig. 26). The newly formed 
megagametophyte consists of three loose- 
ly arranged antipodals, a two-nucleate 
endosperm cell, two linear synergids, 
and an ovoid egg cell. Starch is present 
in the egg cell and the endosperm cell. 
The cells of the endothelial layer of the 
integument, which nowlie adjacent to the 
megagametophyte, also contain reserve 
food. The nucellus remains in contact 
with the megagametophyte only at the 
antipodal end and is in turn surrounded 
by a cap of nutritive tissue (fig. 27). 

The mature megagametophyte shows a 
detinite arrangement of the antipodals, 
two of which lie side by side and are ad- 
jacent to the nucellus; the third, remain- 
ing antipodal, is in contact with the pri- 
mary endosperm mother cell. Prior to 
fertilization the two endosperm nuclei 
fuse and the egg becomes more ovoid, 
elongating slightly toward the region of 
the micropyle, and a conspicuous vacuole 
occupies the center of the cell. The syn- 
ergids also elongate, the basal vacuoles 
become more prominent, and the cyto- 
plasm at the apical ends of the cells is 
more filiform in appearance (fig. 28). 


FERTILIZATION AND DEVELOPMENT 
OF ENDOSPERM 

Several days elapse between pollina- 
tion and fertilization. One male gamete 
nucleus unites with the nucleus of the egg; 
the other becomes associated with the 
fused nuclei of the endosperm cell (fig. 
29). In the primary endosperm cell, 
which increases in size, the endosperm 
nucleus and the male gamete nucleus 
divide simultaneously; at metaphase the 
chromosomes of the endosperm nucleus 
and those of the male gamete nucleus 
move independently toward the mid- 
plane of the spindle. The seven chromo- 
somes of the male gamete nucleus are 
easily distinguished up to metaphase, but 
the fourteen chromosomes from the en- 
dosperm nucleus are not so easily de- 
termined here (fig. 30). A two-celled en- 
dosperm is now formed, followed by a 
second division resulting in a quadrant of 
four cells (figs. 31, 32). The antipodals 
and synergids persist, become much en- 
larged, and function as haustoria. The 
cubical antipodal cell adjacent to the en- 
dosperm becomes appressed, owing to 
growth of the endosperm cells, and comes 
to lie by the side of the paired antipodals 
(fig. 36). The cytoplasm in the apical 
region of these cells has become more 
vacuolate. The synergids show marked 
elongation toward the region of the mi- 
cropyle. 

The base of the elongating zygote ex- 
tends almost to the tips of the synergids 
and lies between them (fig. 33). The nu- 
cleus of the zygote remains in the round- 
ed base of the cell, which divides to form 
an apical and a long basal cell (fig. 34). 
Fourteen chromosomes are counted in a 
polar view of the dividing zygote nucleus 
(fig. 35). At this time the tips of the two 
linear antipodals become proliferated, 
grow as haustoria, and digest the cells of 
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Fics. 24°31. Megasporogenesis and development of endosperm: Figs. 24, 
megagametophytes; X 1ooo. Fig. 26, mature megagametophyte, two polar nuclei; 466. Fig. 27, nutritive 
ind conducting cells in chalazal region about antipodals and remains of nucellus; X 1000. Fig. 28, mature 
megagametophyte, fused polar nuclei; X 466. Fig. 29, apex of megagametophyte at time of fertilization; 
<Soo. Fig. 30, division of endosperm nucleus following fertilization; conspicuous chromosomes from male 
gamete nucleus and smaller chromosomes from fused polar nuclei moving toward mid-plane of spindle; 
1600. Fig. 31, two-cell endosperm; X 460. 
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Fics. 32-37.—Endosperm and development of seed: Fig. 32, four-celled endosperm, enlarging antipodals 
and synergids; X 466. Fig. 33, further development of endosperm, enlargement of zygote, further increase in 
size of antipodals and synergids; X 466. Fig. 34, marked enlargement of synergids, zygote at metaphase; 
800. Fig. 35, polar view of zygote nucleus at metaphase, with fourteen chromosomes; X 2166. Fig. 36, en 
larged haustorium-like antipodals, collapsed remains of nucellar tissue; X 800. Fig. 37, four-celled embryo 
surrounded by endosperm tissue (£), still functioning haustorium-like synergids, and haustorium-like antip- 
odals; haustorium-like synergids expanding against integument; X 326. 
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the nucellus so that they become crushed 
against the nutritive tissue at the chala- 
zal end of the megagametophyte (fig. 36). 
Later these haustorium-like antipodals 
digest much of the nutritive tissue. The 
synergids continue to elongate in the 
micropyle, and, functioning as haustoria, 
they digest the adjacent cells of the in- 
tegument. In the course of their growth 
the tips of the synergids expand in the 
cavity left by the digested cells of the 
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mother cells. The tapetal cells are first 
uninucleate, later becoming binucleate. 

2. Cell plates are formed on the cyto- 
plasmic strands midway between the nu- 
clei of the tetrad. 

3. The generative cell divides to form 
two male gamete cells before the pollen 
grain leaves the anther. 

4. Each carpel of the two-loculed pistil 
contains many ovules, which are anatro- 
pous at maturity. 


Fics. 38-40.—Relationship of vascular strand and conductive tissue to development of ovule. Fig. 38, 
young ovule containing four-nucleate megagametophyte. Vascular strand (vs) extends to mid-region of 
funiculus. Group of elongated cells (ct) extend from apex of vascular tissue toward chalaza. n, nucellus; 
nt, nutritive tissue. Fig. 39, ovule containing mature megagametophyte. Conducting cells (ct) connect 
vascular strand with isodiametric cells (ic) at base of nutritive tissue (mt). Fig. 40, early development of 
young seed. Nucellus completely disappeared and antipodals in direct contact with nutritive tissue (nf) 


at apex of vascular tissue (vf). 


integument, thereby increasing their ab- 
sorptive surface. The young seed con- 
tains the four-celled embryo surrounded 
by a many-celled endosperm, with the 
haustorium-like antipodals digesting the 
nutritive tissue and the haustorium-like 
synergids digesting the cells of the integu- 
ment (fig. 37). 


Summary 


1. Each theca of the anther of Lobelia 
cardinalis contains many microspore 


5. Prior to the formation of the single 
integument, a single archesporial cell is 
found in the hypodermal layer of the 
ovule and functions as the megaspore 
mother cell. 

6. Seven pairs of chromosomes are 
present at meiosis. 

7. A linear row of four megaspores is 
formed, and the larger spore toward the 
chalazal end of the ovule is the functional 
megaspore which develops into an eight- 
nucleate seven-celled megagametophyte; 
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the other megaspores disintegrate. ‘The 
cells of the nucellus toward the micropy- 
lar end of the ovule disintegrate upon 
division of the nucleus of the mega- 
spore. 

8. A vascular strand is differentiated 
early in the development of the ovule and 
extends part way into the base of the 
funiculus. Conductive tissue extends 
from the vascular strand to the nutritive 
tissue at the chalazal end of the megaga- 
metophyte. 

9. Double fertilization occurs. At met- 
aphase in the first division of the endo- 
sperm nucleus the chromosomes of the 
endosperm nucleus and those of the male 


gamete nucleus move independently to- 
ward the mid-plane of the spindle. A 
four-celled endosperm is formed prior to 
division of the zygote nucleus. 

10. The synergids and the antipodals 
function as chalazal and micropylar hau- 
storia, respectively. The synergids be- 
come greatly enlarged and digest the 
cells of the integument about the micro- 
pyle. The nucellar cells at the chalazal 
end of the megagametophyte are digested 
by the antipodals, which later digest the 
cells of the adjoining nutritive tissue. 
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VOLATILE SULPHUR CONTENT OF BLACK MUSTARD PLANTS 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 644 


SCOTT V. EATON 


Introduction 


In connection with a study now in 
progress of the effects of sulphur deficien- 
cy on the metabolism of the black mus- 
tard plant, Brassica nigra (L.) Koch., it 
became necessary to determine the vola- 
tile sulphur content of the fresh plant 
tissue. This necessity arose from the fact 
that total sulphur was determined in tis- 
sue dried in the vacuum oven. During 
the drying much of the volatile sulphur 
would escape from the tissue. A survey 
of the literature showed that, while allyl 
mustard oil (the volatile sulphur com- 
pound of the seed) has been much inves- 
tigated in seed tissue, there has been lit- 
tle work on the plant itself. After the 
method had been mastered, therefore, it 
was decided to study the distribution of 
volatile sulphur in the plant and the ef- 
fect of various conditions on the amount 
present. It seems advisable to report 
these data in a separate paper. 


Methods 

Considerable preliminary work was 
done on methods of determining volatile 
sulphur. In connection with a study of 
the effects of sulphur deficiency on the 
metabolism of the soybean (2), PETER- 
SON’s (11) method was tried. It did not 
seem to give very good results. In a sim- 
ilar study of the sunflower (3), the meth- 
od of PLATENIUs (8) was used. This 
method seemed satisfactory, but it was 
not fully investigated at the time because 
the tests indicated that little if any vola- 
tile sulphur was present. It was thought 
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that there would be no error in determin- 
ing total sulphur in the dried residue. 

The method of PLATENIUS was devel- 
oped for determining the pungency of on- 
ions. It was realized that the volatile sul- 
phur compounds of the onion and of the 
black mustard plant are different, and 
that therefore the method might have to 
be modified somewhat. Considerable pre- 
liminary work was done to determine the 
proper time of hydrolysis, temperature of 
distillation, and amount of distillate nec- 
essary to free the tissue of volatile sul- 
phur. The tests indicated that the meth- 
od as outlined by PLATENIUs would be 
satisfactory in the case of the mustard 
plant, and it was therefore used without 
any essential modification. 

The method is one of steam distilla- 
tion. Briefly it consists of heating the 
tissue in dilute acid at a temperature of 
122°-124° C. to hydrolyze the glucoside. 
Then salt is added to increase the boiling 
point and the distillation is carried on at 
a higher temperature, first at 135° and 
finally at 145° C., until 800 ml. of distil- 
late has been collected. The distillate is 
collected in saturated bromine water. 
The bromine oxidizes the sulphur to sul- 
phate, which is determined as barium sul- 
phate. 

The size of the sample of the present 
work, usually roo gm., was considerably 
less than the samples used by PLATENIUs, 
so the difference in the amount of tissue 
water added was made up with distilled 
water in order to keep the concentration 
of acid the same. Preliminary work indi- 
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cated that, if during distillation the acid 
became too concentrated, erratic results 
would be obtained. Allyl mustard oil 
boils at 150.7° C. It might seem neces- 
sary to use a temperature at least as high 
as this for the distillation. But in tests, 
as much sulphur was obtained by distilla- 
tion at 145° as at 155° C. In fact, when 
the entire distillation was carried on at 
122-124 C., as much sulphur was ob- 
tained as at 145° or 155° C. Amuch long- 
er time was of course required at the low- 
er temperature to obtain the 800 ml. of 
distillate. The volatile sulphur would 
pass off rather rapidly at temperatures 
below its boiling point and would also 
tend to be carried over mechanically by 
the steam. 

The plants were grown in the green- 
house during the period from February 
22 to July 6, 1941. The seed was ob- 
tained from Sutton and Sons, England. 
There were a number of crops. The num- 
ber of plants of the various crops varied 
from 140 to 300 or more. The growth pe- 
riod of each crop is given in table 1. In 
order that the plants of all the crops 
might be of the same physiological age at 
the time of harvest, the samples were 
taken when the first flower buds were ob- 
served on any given crop. Because of 
photoperiodic effects, and partly owing to 
temperature differences, the length of the 
growth period of the crops varied consid- 
erably. 

Data 

Table 1 gives the data for the percent- 
age water, percentage dry matter, and 
percentage volatile sulphur estimated 
both as sulphur and as allyl mustard oil. 
Since the percentage dry matter varies 
decidedly in several cases, the data are 
given on both a green- and a dry-weight 
basis. In the table are given the results 
of each individual analysis. Except the 
data for the leaves and stems of the 


plants grown in sand, each pair of deter- 
minations (only one determination was 
made of roots) does not represent dupli- 
cates. ‘The plan of making the analyses 
was to take from the same crop on a giv- 
en day two samples, one for each condi- 
tion or part of plant being compared; 
then a little later two other samples of 
this same crop were taken. Thus, except 
in the case of the roots, two determina- 
tions on each plant part and for each con- 
dition were made but on different days 
and therefore on plants of slightly differ- 
ent age. This method of analysis was 
necessary since it was not possible to at- 
tend to more than two pieces of appara- 
tus at the same time. Only the blades of 
the leaves were analyzed; the petioles 
were not included. 

As shown by the table, the leaves of 
plants grown in sand contain more vola- 
tile sulphur than the leaves of plants 
grown in soil. As to the distribution in 
the plant, the leaves contain considerably 
more volatile sulphur than the stems. 
The roots of only one of the sand cultures 
were analyzed. Their pungency is inter- 
mediate between leaves and stems esti- 
mated on a green-weight basis but less 
than either of the other parts on a dry- 
weight basis. The upper leaves of the 
plant are considerably more pungent 
than the lower. Growing the plants in a 
minus-sulphur nutrient solution results 
in almost complete lack of development 
of volatile .ulphur. On the other hand, 
minus-nitrogen leaves are slightly more 
pungent than plus-nitrogen ones. Con- 
sidering the effect of the age of the plants, 
the leaves of younger plants contain more 
volatile sulphur than those of older ones. 
There is not a regular decrease in pungen- 
cy as the age of the plant increases, how- 
ever, though in the case of the three sand 
cultures the decrease is regular. The per- 
centages for each age are averages of data 
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PERCENTAGE WATER, DRY MATTER, AND VOLATILE SULPHUR 


GROWTH PERIOD 


2/22 to 4/1 


5 
2/22 to 4/18 (56 days) 


2/22 to 4/15 (53 days). . 
2/22 to 4/18 (56 days). . 


6/3 to 7/4 (31 days)... 
6/3 to 7/4 (31 days). . 


6/3 to 7/6 (33 days). 
6/3 to 7/6 (33 days). 
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6/3 to 7/5 (32 days). 


3/23 to 
3/23 to 


2 (40 days) 
5 (43 days)... 


nan 


(53 days)..... 
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TABLE 1 


VOLATILE SULPHUR 
(CALCULATED As S) 
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| VOLATILE SULPHUR 
(CALCULATED AS ALLYL 
MUSTARD OIL) 


| 
| PERCENTAGE 
| PERCENTAGE 
| 
———— Dry GREEN Dry | GREEN | Dry 
| 4 | MATTER WEIGHT | WEIGHT WEIGHT | WEIGHT 
| | 
PLANTS GROWN IN SOIL 
| Leaves 
| 
| 
| 89.430 10.570 0.0080 0.0760 ©.0247 | 0.2351 
| 88.907 11.003 0.0084 0.0768 0.0260 | 0.2374 
Stems 
| 
93.318 6.682 ©.0042 | 0.0627 | 0.0130 | 0.1938 
92.971 7.029 | 0.0034 | 0.0479 | 0.0105 | 0.1480 
| | | 
PLANTS GROWN IN SAND 
Leaves 
| 89.524 10.476 °.o116 0.1108 0.0359 ©. 3426 
| 89.458 10.542 0.0122 O.1152 0.0377 ©. 3563 
| Stems 
Q2.530 7.470 0.0056 0.0746 ©.0173 | 0.2306 
| 93.040 6.360 0.0060 | 0.0948 0.0186 | 0.2931 
| Roots 
| 82.772 17.228 0.0112 0.0704 0.0346 0.2177 
| POSITION OF LEAVES ON PLANT 
Leaves of upper half 
| 
| 88.618 | 11.382 0.0100 0.0887 © .0309 ©.2742 
86.705 13.205 0.0155 o.1162 ©.0479 ©.3504 
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TABLE 1—Continued 
VOLATILE SULPHUR 2 
(CALCULATED AS ALLYL 
(CALCULATED As S) 
MUSTARD OIL) 
PERCENTAGE 
GROWTH PERIOD 
PERCENTAGE 
es Dry | Green | Dry GREEN Dry 
WATER | 
MATTER | WEIGHT WEIGHT | WEIGHT | WEIGHT 
Leaves of lower half 
3/23 to 5/2 (40 days)............| Q1.927 8.073 ©.0017 0.0213 | 0.0053 | 0.0657 
3/23 to 5/5 (43 days)........... 90.472 9.528 | 0.0021 0.0224 0.0065 | 0.0692 
EFFECTS OF SULPHUR DEFICIENCY 
Minus-sulphur leaves 
4/5 to 5/17 (42 days)... 88.925 | 11.075 | 0.0003 | 0.0031 | 0.0009 | © .0096 
4/5 to 5/21 (46 days)... ..| 89.638 | 10.362 | 0.0013 | 0.0126 ©.0040 | 0.0389 
| | | 
Plus-sulphur leaves 
4/5 to 5/17 (42 days)... 88.718 11.282 0.0091 0.0806 0.0281 ©. 2503 
4/5 to 5/21 (46 days). . .| 89.513 | 10.487 0.0102 | 0.0976 | 0.0315 | 0.3017 
EFFECTS OF NITROGEN DEFICIENCY 
Minus-nitrogen leaves 
4/19 to 5/24 (35 days) . 85.229 | 14.771 ©.0130 © .0882 0.0402 | 0.2726 
4/19 to 5/25 (36 days)... 84.867 | 15.133 | ©.0150 ©.0989 | 0.0464 | 0.3057 
Plus-nitrogen leaves 
| 
4/19 to 5/24 (35 days)..........| 88.768 I1.232 | 0.0100 0.0886 0.0308 0.2741 
4/19 to 5/25 (36 days).... 88.304 | 11.696 ©.O100 0.0851 0.0308 | 0.2633 
AGE OF PLANT 
Leaves 
31 days (sand culture)... 89.487 10.513 | 0.0119 0.1130 | 0.0367 | 0.3496 
35-36 days (sand culture)... 88.537 | 11.463 | 0.0100 0.0869 | 0.0308 ©. 2686 
40-43 days (soil culture)... 89.789 | 10.211 | 0.0080 0.0742 | 0.0246 | 0.2294 
- 42-46 days (sand culture)... .| 89.126 10.874 | ©.0007 0.0890 | 0.0299 | 0.2751 
53-56 days (soil culture). . 8g. 208 10.792 | 0.0082 0.0764 | 0.0255 | ©. 2362 
| 
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given elsewhere in the table. Owing to 
the variation in amount of dry matter in 
the samples, the differences in volatile 
sulphur are considerably less in several 
cases when calculated on a dry-weight 
than on a green-weight basis. 


Discussion 
The pungency of crushed black mus- 
tard seed is due, mainly at least, to allyl 
mustard oil, 2-propenyl isothiocyanate 
(CH,CHCH,-NCS). This essential oil 
occurs in plants as a component of the 
glucoside sinigrin. In the seed of the 
black mustard, the glucoside and the 
enzyme myrosin that hydrolyzes it are 
found in different cells, so that the oil is 
not released until by the crushing of the 
tissue the enzyme and _ glucoside are 
brought together and the glucoside is hy- 
drolyzed (1). This separation of the gly- 
coside and the enzyme that hydrolyzes it 
seems a rather general situation in plants. 
In the case of cruciferous species, it is 
well known that their characteristic 
sharp odor does not arise until the tissue 
is crushed. The equation for the hydrol- 
ysis of sinigrin is: 
Myrosin 
C,,H10,NS,K +H,0 =C,H;- NCS 
+(C,H,.0.+KHSO, . 


While sinigrin has been studied mainly in 
the seed of the black mustard, it has been 
demonstrated in a number of other cru- 
ciferous species. These include Thlas pi 
arvense (field pennycress), Armoracia rus- 
ticana (horseradish), Alliaria officinalis 
(hedge garlic), and Brassica rapa (turnip) 
(6). 

Allyl mustard oil is a limpid colorless 
oil which, as already stated, boils at 
150.7. C. It has a sharp odor and taste. 
If brought into contact with the skin, 
blisters may be caused. The bactericidal 
and fungicidal properties of the com- 
pound have been demonstrated (5, 15). 


[SEPTEMBER 


The present work was concerned with 
the plant itself; no work was done on the 
seed. Although it is known that the es- 
sential oils of the different parts of a 
plant may be different in character (12), 
it is assumed that allyl mustard oil also 
accounts for the pungency of the leaves, 
stems, and roots of the plant. As shown 
by table 1, the leaves contain much more 
volatile sulphur than the stems. The 
roots are intermediate between leaves 
and stems in volatile sulphur when esti- 
mated as percentage of green weight, but 
the percentage on a dry-weight basis is 
lower than that of both leaves and stems. 
The data for the roots, however, should’ 
be regarded merely as indicative. The 
roots of only the sand culture were ana- 
lyzed and only a single determination 
made. In regard to the roots, the green- 
weight data especially should not be 
overemphasized, for it was impossible 
completely to dry the roots after washing 
them from the sand. Each part of the 
plant is much lower in the oil than the 
seed. WINTON and WINTON (16) give the 
data of HUBER and VAN DER WIELEN for 
the allyl mustard oil content of black 
mustard seed from different countries. 
The range is from 0.63 to 1.23 per cent. 
The largest amount found in the present 
study for any plant part was 0.3594 per 
cent in the upper leaves of 43-day plants. 

Tissue of high water content is likely 
to be low in volatile sulphur, at least 
when calculated on a green-weight basis, 
for a sample of such tissue contains less 
dry matter than the same weight of tissue 
lower in water and is likely to contain 
less volatile sulphur—one constituent of 
the dry matter. But this is not neces- 
sarily true. Plant material high in water 
may contain so much volatile sulphur 
that even its green-weight percentage is 
greater than tissue relatively low in wa- 
ter. Jones and Btsson (7) concluded 
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that mild varieties of onions have the 
highest water content and the most pun- 
gent varieties the lowest. PLATENIUs 
and Knott (10) grew a number of vari- 
eties of onions in soil and also found that 
in general the pungency varied inversely 
with the water content; but the relation- 
ship was not exact. For example, the 
most pungent variety and two decidedly 
less pungent ones had about the same 
water content. Irrigated onions con- 
tained more water and less volatile sul- 
phur than nonirrigated ones. The former 
bulbs were larger than the latter, how- 
ever, and the increased production of tis- 
sue might have been an additional factor 
in decreasing the pungency. There may 
not have been enough sulphur in the soil 
to make the larger amount of tissue as 
high in volatile sulphur as the smaller 
nonirrigated bulbs. This inverse rela- 
tionship of pungency and water content 
appears in the present work in the com- 
parison of the volatile sulphur content of 
leaves and stems, lower with upper 
leaves, and plus-nitrogen with minus- 
nitrogen leaves. In each case the tissue 
with the higher water content has also 
the lower fresh-weight percentage of vol- 
atile sulphur. The dry-weight percent- 
ages show a similar but smaller differ- 
ence, indicating that the decreased pun- 
gency of the tissue of higher water con- 
tent is not due entirely to a dilution of 
the volatile sulphur with water, but that 
there is actually less volatile sulphur in 
proportion to the remainder of the dry 
matter. 

The age of the leaves affects their vola- 
tile sulphur content. This is shown espe- 
cially in comparing the upper leaves of 
the plant with the lower. The former are 
much more pungent. A similar difference 
but of less magnitude is seen when the 
leaves of younger plants are compared 
with those of older ones. The younger 


the plant, the more volatile sulphur is 
found in its leaves, although there is not 
an exactly regular decrease in pungency 
as the age of the leaves increases. In ob- 
taining these data, all the leaves of the 
plants were analyzed. It must be kept in 
mind that the plants of the various ages 
were grown at different times and that 
some were grown in soil and some in 
sand. PLATENIUS and Knorr (10) have 
shown that climatic conditions and the 
amount of sulphur in the soil affect the 
volatile sulphur content of onions. Three 
of the groups of plants, those of 31 days, 
35-36 days, and 42-46 days, were grown 
in sand with the same nutrient solution, 
and in the leaves of these plants there is 
a regular decrease in pungency as the age 
of the plants increases. But since the 
plants were grown at different times, 
there is a possibility that differences in 
climatic conditions might account in part 
for the variations in volatile sulphur. 

Sufficient work was not done to give 
a basis for explaining the greater pun- 
gency of younger leaves. Two possibil- 
ities may be mentioned. As the leaves be- 
come older there may be translocation of 
the volatile sulphur compounds from the 
older leaves to other parts of the plant; 
for example, from the lower to the upper 
leaves. PLATENIUS and Knott (9) found 
that the percentage of volatile sulphur of 
onion bulbs increased steadily up to near 
the time at which the tops began to fall 
over. If, as seems likely, the volatile sul- 
phur compounds are made mainly in the 
leaves, there was constant translocation 
from the leaves. Another possibility is 
that as the leaves become older the mem- 
branes become more permeable. This 
may result in contact of the glucoside and 
enzyme and hydrolysis of the glucoside. 
The resulting volatile sulphur would 
gradually escape from the plant. 

When plants were grown in minus-sul- 
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phur nutrient solutions the leaves tasted 
flat, as compared with the sharp acrid 
taste of plus-sulphur leaves. Analysis 
showed that the minus-sulphur leaves 
were almost completely lacking in vola- 
tile sulphur. This is perhaps to be ex- 
pected, since sulphur is a component of 
allyl mustard oil. Also, when the plants 
were grown in sand with a complete nu- 
trient solution, their leaves contained 
more volatile sulphur than when grown 
in soil. All the sulphur of the nutrient so- 
lution was in an available form, while 
only part of that of the soil was in this 
state. PLATENIUS and Knott (10) grew 
onions in several types of soil and found 
a definite though not proportional rela- 
tionship between pungency and the sul- 
phur content of the soil. They call atten- 
tion to the demand for both mild and 
pungent varieties of onions for food, but 
decide—because of the results of their 
fertilizer experiments—that it is not fea- 
sible to increase the pungency by sulphur 
fertilizers. The addition of 600 pounds of 
sulphur per acre to a sandy soil did not 
increase the volatile sulphur content of 
the onions significantly. It is possible 
that the pungency of cruciferous plants 
could be varied more widely by growing 
the plants with nutrient solutions of 
varying sulphur content by one of the 
soilless methods (14). 

There is no indication from this work 
that the sulphur of the air affects the vol- 
atile sulphur content of black mustard 
leaves. The atmosphere of Chicago con- 
tains much sulphur, especially during the 
winter and early spring (4), and experi- 
ments have indicated that sulphur diox- 
ide in low concentrations in the air may 
be utilized by plants (13). But in gen- 
eral the earlier in the year the plants were 
grown the less volatile sulphur did their 
leaves contain. With the exception that 
the seeds of the 40-43-day plants were 
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planted before those of the 42-46-day 
plants, the longer the growth period the 
earlier in the season were the seeds plant- 
ed. And the leaves of these older plants 
contained in general less volatile sulphur 
than did those of the younger plants. It 
would seem that the age of the plant and 
perhaps also certain climatic conditions 
are more important than atmospheric 
sulphur in affecting the pungency of the 
leaves. 

Nitrogen is also a component of allyl 
mustard oil. But growing the plants in 
minus-nitrogen nutrient solutions in- 
creased rather than decreased the vola- 
tile sulphur content of the leaves. This is 
in line with the common observation that 
stunted cruciferous plants are more pun- 
gent than larger ones. The minus-nitro- 
gen plants were much smaller than the 
plus-nitrogen ones, and on the per-plant 
basis the leaves of the former plants con- 
tained much less volatile sulphur than 
did those of the latter. The sulphur con- 
tent of the nutrient solutions used in 
growing the two sets of plants was the 
same. Since the pungency of cruciferous 
plants seems to vary directly with the 
amount of sulphur present in an avail- 
able form, it is probably to be expected 
that the small leaves of the minus-nitro- 
gen plants would contain a higher per- 
centage of volatile sulphur than the 
much larger plus-nitrogen leaves. 


Summary 


1. The leaves of the black mustard 
plant contained more volatile sulphur 
than the stems. The work on the roots 
was inconclusive. 

2. The leaves contained more volatile 
sulphur when the plants were grown in 
sand with a complete nutrient solution 
than when grown in soil. 

3. Sulphur and nitrogen are both com- 


I 
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ponents of allyl mustard oil. Growing 
the plants in a minus-sulphur nutrient 
solution caused an almost complete loss 
of pungency of the leaves. Minus-nitro- 
gen leaves were somewhat more pungent 
than plus-nitrogen ones. 

4. Young leaves contained more vola- 
tile sulphur than older ones. The upper 


leaves of the plant were more pungent 
than the lower and the leaves of plants 
grown a short time than those of plants 
grown a longer time. 

5. Tissue of high water content con- 
tained less volatile sulphur than tissue of 
lower water content. 
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CELL SIZE IN DEVELOPING OVARIES OF IRIS FULVA' 


HERBERT PARKES RILEY AND DOROTHY MORROW 


(WITH SEVEN FIGURES) 


It has been shown (2) that, when the 
ovary of Jris fulva is first organized, it 
has in cross-section six small projections 
and also three indentations at the septa 
and three slight identations at the mid- 
ribs of the carpels. The projections rep- 
resent ridges which run lengthwise, and 
the indentations represent furrows that 
also extend the length of the ovary. As 
the ovary develops, these ridges and fur- 
rows become increasingly prominent un- 
til sometime after fertilization; then they 
become less and less so, until in the ma- 
ture capsule they are practically ob- 
literated. 

‘The changes in shape which occur dur- 
ing development are the result of differ- 
ences and changes in the rates of rela- 
tive growth of the three main radii of the 
carpels: the midrib, the septum, and the 
“widest radius’—-which approximately 
bisects the angle formed by the midrib 
and the septum (2). The placental region 
of one radius grows at the same relative 
rate as that of any other radius, while the 
locular region at one radius grows at es- 
sentially the same relative rate as that 
at any other. The ovary walls, however, 
frequently grow at very different relative 
rates, and these rates may change radi- 
cally at different stages of development. 
When these radii are divided into their 
component parts, therefore, differences 
in ovary shape are seen to be a function, 
not only of differences in the relative 
growth rates of these radii themselves 
but even more specifically of differences 


' This study was aided by an award from the New 
Orleans Academy of Science. 
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in the rates of relative growth of the 
ovary wall at these radii. 

The ovary wall at all radii and the 
locular region at the septum are cellular 
structures. The purpose of this investi- 
gation was to determine to what extent 
the differences and changes in the rela- 
tive growth rates of these regions are due 
to differences and changes in the size of 
their cells and to what extent to differ- 
ences and changes in the rate of cell divi- 
sion. A preliminary report has been pub- 
lished (4). 

Some of the earlier work on cell size 
and cell division in a developing organ 
has been discussed by Sinnott (5). In 
developing fruits, earlier growth is due 
largely to cell multiplication, while later 
growth is due to cell expansion, as 
HOUGHTALING (1) showed for tomatoes. 
SINNOTT (5) reported essentially the 
same condition in cucurbit fruits. In the 
developing ovary he found that early 
growth is due chiefly to cell multiplica- 
tion, although cell size also increases dur- 
ing this period. After a specific cell size 
is reached, cell multiplication ceases and 
growth of the ovary is due to cell enlarge- 
ment alone. Huxley’s heterogonic 
growth formula, y = bx," which can be 
written log y = log b + k log x, is based 
on the assumption that the relative 
growth rates of any two components are 
proportional. From the logarithmic 
form it is seen that this would yield a 
straight line when plotted. Letting x 
equal the width of a component of the 
radius and y the width of the cells mak- 
ing up this component yields a polygonal 
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curve rather than a single straight line. 
The bends in the curve may be attrib- 
uted to the radical changes in the rates of 
growth at the different stages of develop- 
ment. The polygonal curve takes the 
form of a straight line whose slope is less 
than one; there is then a decided break in 
the curve and the remainder of it is a 
straight line whose slope equals one. 
SINNOTT points out that during the early 
stages there is considerable increase in 
cell diameter, even while cell division is 
going on, and therefore there is no fixed 
size at which cell division occurs. Divi- 
sion of cells stops suddenly rather than 
gradually, showing that cell division 
ceases when a detinite cell size is at- 
tained. The curve of relative growth fol- 
lows exactly the same pattern for the 
twelve races of cucurbits examined, al- 
though the exact slopes of the line are 
not the same in all cases. 


Material and methods 

The plants used for this study were 
from a region several miles north of 
‘Thibodaux, Louisiana. The material was 
collected, fixed, and imbedded weekly 
during the spring of 1938, while the sen- 
ior writer was at Tulane University. 
Subsequent sectioning, staining, and 
drawing and measuring of the cells were 
carried out at the University of Washing- 
ton. This paper, therefore, represents a 
joint contribution from the departments 
of botany of both institutions. 

The slides from which the measure- 
ments were taken are the same as those 
used by the senior writer for an analysis 
of relative growth of the entire radii and 
their component parts (2). The relative 
growth curves of ovary wall at the mid- 
rib and ovary wall at the widest radius, 
of ovary wall at the midrib and ovary 
wall at the septum, and of ovary wall at 
the septum and locular region of the 
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septum (2) will be referred to in this 
paper. 

Measurements of cell size were ob- 
tained from camera lucida drawings of 
parenchyma cells by means of a scale 
drawn from a stage micrometer. Each 
measurement is the average of thirty-five 
cells. Only parenchyma cells were meas- 
ured, although a vascular bundle is pres- 
ent in the wall at both the midrib and the 
septum. Each measurement represents, 
not the average diameter of the cell but 
the diameter of the cell measured in the 
direction parallel to the radius in which 
it lies. As the parenchyma cells of the 
wall are approximately isodiametric in 
all but the final stage of development of 
the capsule, the measurements are ap- 
proximately the average diameters of the 
cells in the earlier stages. In the final 
stages of development, the cells tend to 
elongate so that their longest diameter is 
perpendicular to the radius or at an angle 
of less than go” to it; these measurements 
are therefore across or at an angle to the 
long dimension of the cells. Measure- 
ments of cell size can be considered re- 
liable for the earlier stages, as the 
amount of variation was slight in all 
cases; but in the last stages of the capsule 
the measurements tend to be less accu- 
rate, since there is more variation in cell 
size and in the angle of the cell to the 
radius, and since a number of cells ap- 
pear to be distorted as the result of 
stretching caused by expansion of the 
locules. The cells in the locular region of 
the septum are generally elongated in the 
plane of the radius, so measurements of 
these cells represent measurements of cell 
length. 

Measurements of cell size were plotted 
logarithmically against the ovary wall or 
locular region, and measurements of cell 
size in one region were plotted against 
those in another region. The relative 
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growth rates, k, were obtained from Hux- 
ley’s formula. Except for the very short 
parts of some curves, they were plotted 
by the method of least squares. Corre- 
sponding parts on the several curves are 
identified by the letters G, H, J, or J, the 
last three letters corresponding to similar 
places in the curves discussed previously 
(2). Point G is just before and point H 
just after meiosis of the megasporocyte; 
point / is just at or just slightly after the 
beginning of fertilization; point J is very 
shortly after fertilization and just as the 
seed is beginning to enlarge. The various 
events in the development of the mega- 
spores and megagametophyte are de- 
scribed elsewhere (3). 

The values of k have been calculated 
to three decimal places, although it is 
doubtful whether there is much sig- 
nificance in the third place, and probably 
even the second place is doubtful for 
many sections of the curves, as the points 
frequently show some scatter. This is es- 
pecially true toward the end of develop- 
ment, since the mature capsules (and 
especially their cells) show more vari- 
ability than do ovaries and young cap- 
sules. The calculation of standard errors 
for k values seemed unnecessary, for the 
main interest is in the general trends of 
the curves. 


Observations 


The ovary wall at the widest radius 
grows somewhat more rapidly than the 
wall at the midrib before fertilization, 
much more rapidly during fertilization, 
and somewhat more slowly thereafter. 
As figure 15 of the previous paper (2) 
shows, k = 1.343 until just before fer- 
tilization, 1.985 from then until just after 
fertilization, and 0.839 for the remainder 
of ovary development. During the entire 
development of the ovary, the cells of the 
wall at the midrib grow somewhat more 
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rapidly than do those at the widest ra- 
dius, and there is no change in the rela- 
tive growth rate (fig. 1). The ovary wall 
at the midrib grows slightly more rapidly 
than the wall at the septum (k = 0.943) 
before fertilization, but the wall at the 
septum grows much more rapidly during 
fertilization (k = 2.803) and very slight- 
ly faster (k = 1.071) thereafter (2, fig. 
19). The cells of the wall at the midrib 
and septum grow at almost the same 
relative rate, and this rate remains the 
same throughout development (fig. 2). 
The relationship of the ovary wall at the 
septum and the locular region of the sep- 
tum is interesting (2, fig. 21). The locular 
region grows much more rapidly until 
just after meiosis (k = 4.155), at almost 
the same rate from that time until just 
before fertilization (k = 1.053), then 
much more slowly during fertilization 
(k = 0.401), and somewhat more rapidly 
for the remainder of capsule develop- 
ment (k = 1.449). The cells of the wall 
increase in size somewhat more rapidly 
than do those of the locular region (fig. 3) 
throughout development, and there are 
no changes in the slope of the line for the 
entire curve. 

The complexity of the curves when 
one region is plotted against another (2) 
presents a striking contrast to the simple 
situation found when the cells of one 
region are plotted against those of an- 
other and indicates that the relative 
growth of two of these regions cannot be 
explained alone by the relative increase 
in the size of their cells. Also, the fact 
that one region may increase more rapid- 
ly than a second, while the cells of the 
second are enlarging more rapidly than 
those of the first, suggests that the rela- 
tive rate of cell division may be a greater 
factor in the relative growth of these re- 
gions than is the relative enlargement of 
the cells. To study the relative growth 
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Fics. 1-6.—Relative growth curves of average diameter of cells: fig. 1, of ovary wall at widest radius 
and at midrib; fig. 2, of ovary wall at septum and at midrib; fig. 3, of locular region at septum and of ovary 
wall at septum; fig. 4, of ovary wall at midrib, and width of ovary wall at midrib; fig. 5, of ovary wall and its 
width at widest radius; fig. 6, of ovary wall and its width at septum. Each point represents average of 
thirty-five cells measured in direction parallel to radius in which they lie. In all figures, G occurs just before 
meiosis of megasporocyte and H just after; / occurs just at or just after beginning of fertilization and J very 
shortly after fertilization. 


> 


94 BOTANICAL GAZETTE 


of a region and of the cells of which it is 
composed, the wall at the midrib and 
widest radius and the wall and locular 
region of the septum were plotted sepa- 
rately against the cells of those regions 
(figs. 4-7). The relation between cell size 
and organ size in /ris ovaries is not a 
simple one. 

When a cell divides to form two, four 
situations may be found in the relation- 
ship of the size of the mother cell to that 
of the daughter cells, provided the two 
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each situation would give a curve with a 
different slope. In the first case there 
would be continuous marked decrease in 
cell size unaccompanied by any increase 
or decrease in ovary size, and the relative 
growth curve would be a vertical straight 
line directed downward. The second sit- 
uation would result in a decrease in cell 
size accompanied by an increase in organ 
size. If the percentage of decrease in cell 
size were the same after each division, 
the curve would be a straight line with a 
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Fic. 7.—Relative growth curve of average diameter of cells of locular region of septum and width of this 


region. 


daughter cells behave in the same man- 
ner: (a) the daughter cells may not en- 
large at all following the division, in 
which case they will together occupy the 
same volume as the original cell; (6) they 
may enlarge somewhat but each may not 
attain the length of the original cell; 
(c) each cell may enlarge to the size of the 
original cell; (d) each may become larger 
than the original cell after the divi- 
sion. 

In a cellular structure such as the 
ovary, if all the cells were behaving in 
approximately the same manner the rela- 
tionship between cell size and organ size 
would differ according to the preceding 
situations. If ovary size were plotted 
against cell size, with ovary size as the 
abscissa and cell size as the ordinate, 


negative slope running from the upper 
left to the lower right. The slope of the 
curve would depend on the percentage of 
cell decrease. In the third case, when the 
daughter cells grow to the size of the 
parent cell after each division but grow 
no larger, there is an increase in ovary 
size without any change in cell size, and 
the curve is a horizontal straight line 
running from left to right. The fourth 
situation would mean an increase in both 
cell and ovary size; if the percentage of 
increase in cell size is the same after each 
division the curve will be an oblique 
straight line whose slope, k, will be be- 
tween zero and one and will depend upon 
the extent of the increase in cell size be- 
tween divisions. The greater the per- 
centage of increase, the greater will be 
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the value of & and the greater will be the 
slope of the line. A fifth situation may 
also be found but it does not involve cell 
division. If there is an increase in cell size 
but not in cell number, ovary size will 
increase uniformly with cell size, the rela- 
tive growth curve will be a straight line 
at a 45° angle, and the value of & will be 
one. A sixth situation could result from 
an increase in cell size accompanied by a 
decrease in cell number. This might oc- 
cur if some of the cells disintegrated 
while the remaining ones enlarged. Some 
of the enlargement of the remaining cells 
would probably be used to fill up the 
space occupied by the disintegrated ones, 
so ovary size would not increase so 
markedly as cell size, and the curve 
would have a value of & greater than 
unity but would be a vertical line only if 
there were no growth in the ovary to 
accompany the increase in cell size. 
These relationships obtain only if all 
the cells are acting in the same manner. 
If some cells were increasing in size while 
others were decreasing, or if the per- 
centage of increase or decrease differed 
after each division, the results would 
probably be too complicated for analysis. 
In J. fulva, all the cells of the ovary wall 
appear to behave alike, or essentially so, 
and when cells increase in size following 
division they all do so, and the percent- 
age of increase is the same for all cells of 
the wall at the same radius, even though 
the initial size is not the same. The 
thirty-five cells selected for measure- 
ment were chosen from all parts of the 
ovary wall at the radius under considera- 
tion. The cells of the inner part of the 
wall are the smallest, those of the outer 
part are usually the next smallest, while 
those of the middle region are generally 
the largest. This size difference might 
upset the results, except that in selecting 
the cells of a given radius they were 


chosen so that the inner, middle, and 
outer parts of the wall were represented 
in about the proportions of their thick- 
nesses. In addition, if there is increase in 
cell size following division, it occurs in 
essentially the same degree in the inner, 
middle, and outer regions of the wall. 
The average of the thirty-five cells is 
therefore a fairly accurate estimate of 
the size of the wall cells in a given radius 
at a certain stage of development. 

Of the six situations just listed, only 
the third, fourth, and fifth are found in 
I. fulva; the sixth situation, where cell and 
wall enlargement is accompanied by the 
disintegration of some of the cells, has 
been found in the related species /. hexa- 
gona var. giganticaerulea (unpublished 
data). 

The third situation is found in the 
ovary wall at the midrib, widest radius, 
and septum, and in the locular region of 
the septum; this situation is observed 
when the megasporocyte is undergoing 
its two meiotic divisions (between points 
G and H in figures 4-7). During this pe- 
riod of ovary development the cells are 
dividing in all four regions, and the 
daughter cells grow only to the size of the 
original cells; therefore, all increase in 
wall size is due to cell division alone. 

The fourth situation is found in a 
number of instances. In each case the 
slope is less than 45°, and its steepness 
depends on the extent to which the 
daughter cells enlarge after each division. 
For example, in the curve of the locular 
region of the septum and its cells, the 
amount of increase is slight before meio- 
sis, for the value of & is 0.170. For the 
wall at the widest radius, the slope before 
meiosis is greater than that of the curve 
of the locular region, the value of & being 
0.366. For the same part of the curve of 
wall at the midrib and its cells, k has a 
value of 0.881. Other regions of the 
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curves may also be found in which this 
situation exists. 

The fifth situation is found in the last 
part of the curve of midrib wall and its 
cells; the corresponding part of the 
curves of the wall at the septum and its 
cells and of the wall and cells at the wid- 
est radius also probably fall into this 
category, although the value of k devi- 
ates in each case by about 0.05 from 
unity. In a general way these results are 
the same as those found by Srnnorr (5) 
in cucurbits. In J. fulva, however, the 
early part of the relative growth curve is 
more complex, and in the locular region 
of the septum cell division continues 
throughout development. 

The development of the ovary wall as 
a whole presents a rather complicated 
picture. Before meiosis, the walls at the 
midrib and septum grow at almost the 
same rate, with the midrib wall growing 
just slightly faster; but the wall at the 
widest radius grows somewhat faster. 
At the same time the cells at the septum 
and midrib are growing at about the 
same rate, but those at the widest radius 
actually grow more slowly than those of 
the other two regions. More active cell 
division at the widest radius accounts for 
the more rapid growth of that region and 
is a greater factor in wall enlargement 
than is cell enlargement between mitoses. 
The interrelationships of these relative 
growth rates are seen in the part of the 
curve before point G in figures 1, 2, 4, 5, 
and 6. 

During meiosis the cells in all three 
regions attain only the size of the paren- 
tal cell after each division, and there is no 
cell enlargement. The more rapid growth 
of the wall at the widest radius when 
compared with the wall at the midrib 
and septum can be accounted for only by 
greater cell division. From meiosis until 
just before fertilization the widest radius 
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continues to grow more rapidly than do 
the other two, which still grow at almost 
the same rate with reference to one an- 
other. Again, more active cell division 
must account for this more rapid growth, 
for the cells of the wall at the widest 
radius do not enlarge quite so much after 
each division as do those of the wall at 
the two other radii. This is shown by the 
fact that the value of & for this part of 
the curves (between points H and /) is 
only 0.524 for the widest radius but is 
0.833 for the midrib and 0.848 for the 
septum. 

During fertilization the wall at the 
widest radius grows much more rapidly 
than the wall at the midrib, and the wall 
at the septum grows still more rapidly 
than the wall at the midrib. The cells at 
the midrib wall, however, continue to 
grow more rapidly than those of the wall 
at the widest radius and at about the 
same rate as the cells of the wall at the 
septum. Again, more active cell division 
and the fact that the cells divide more 
frequently without growing so large be- 
tween divisions account for the more 
rapid growth of the wall at the widest 
radius and at the septum. During this 
period (between J and J/) the cells at the 
midrib have ceased to divide and are in- 
creasing in size only, as shown by the k 
value of 1.005 in figure 4. At the widest 
radius k& is 0.394 and at the septum is 
0.297 during fertilization, which indi- 
cates that the cells of these regions are 
enlarging but little after each division. 
After fertilization, cell division has 
ceased at the midrib and widest radius 
and has practically ceased at the septum. 
Since there is no increase in cell number 
during this period, all differences in rela- 
tive growth rates are determined entirely 
by differences in relative enlargement of 
the cells. The cells at the midrib enlarge 
somewhat more rapidly than do those at 
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the widest radius (k = 0.859); similarly, 
the wall at the midrib is growing relative- 
ly somewhat more rapidly than that at 
the widest radius (k = 0.839). The mid- 
rib cells are growing just a little more 
rapidly than those at the septum (k = 
0.988), but the septum wall is growing 
just a little more rapidly than the midrib 
wall (k = 1.071). This difference may be 
due merely to errors of sampling or may 
represent a real difference, for figure 6 
indicates that there is possibly a small 
amount of cell division still going on at 
the septum after fertilization. All the 
values in these curves are naturally sub- 
ject to errors of sampling, but it was not 
considered worth while to determine 
their standard errors. 

Before meiosis, the locular region at 
the septum grows much more rapidly 
than the wall at the septum (k = 4.155), 
although the cells of the wall are enlarg- 
ing a little more rapidly than those of the 
locular region. Greater cell division at 
the locular region undoubtedly accounts 
for this difference in relative growth. 
The wall cells are dividing very infre- 
quently, and almost all the growth of the 
wall is due to cell enlargement (k = 
0.952); at the locular region almost all 
growth is due to cell division and the cells 
enlarge very little between divisions 
(k = 0.170). During meiosis there is no 
cell enlargement in either region, and 
after each division the cells attain the 
size of the parental cell and then divide 
again. The more rapid growth of the loc- 
ular region when compared with the wall 
undoubtedly indicates much more active 
cell division there. Between meiosis and 
fertilization, the locular region grows just 
barely more rapidly than the wall, but 
the cells at the wall enlarge more rapidly 
than those of the locular region, indicat- 
ing again somewhat more active cell divi- 
sion in the locular region. In both regions 


there is both division and enlargement of 
cells, and at the locular region there is 
less enlargement than at the wall. Dur- 
ing fertilization the condition changes 
radically. Much more active cell division 
in the wall during this period, coupled 
with a slightly greater relative growth of 
the wall cells, makes the wall grow more 
rapidly than the locular region. After 
fertilization, cell division has almost 
ceased in the wall but is still active in the 
locular region, and therefore the locular 
region grows more rapidly than the wall 
(k = 1.449)—even though the wall cells 
enlarge somewhat more rapidly than the 
locular cells. 

One of the most striking features of 
the relationship of cell number to cell size 
in these ovaries is that the rate of cell en- 
largement in one region in relation to an- 
other never changes throughout develop- 
ment. The rate of cell enlargement to 
growth of the region in which the cells 
are located may change several times 
during development, but such a change 
in one region is compensated for by a cor- 
responding change in another. Conse- 
quently the relative growth rate of the 
cells of one region and those of another 
is determined as soon as the cells first di- 
vide and enlarge, and this relative rate is 
never changed during the entire growth 
of the ovary. All differences in the rela- 
tive growth rate of two regions of the 
ovary are determined solely by changes 
in the relative extent to which mitosis 
occurs. 

Summary 

1. In Jris fulva, relative growth of the 
ovary wall at the midrib, widest radius, 
and septum, and of the locular region of 
the septum is a function of the relative 
enlargement and relative amount of mul- 
tiplication of the cells of those regions. 

2. In the earliest stages of develop- 
ment both cell enlargement and cell mul- 
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tiplication are taking place, and the rela- 
tive amount of each may vary in differ- 
ent radii. During meiosis cell enlarge- 
ment does not take place, and growth in 
all these regions is due to increase in cell 
number. From meiosis until just before 
fertilization, cell division occurs and 
there is cell enlargement following each 
division, but the amount of enlargement 
is not the same in each region. The same 
is true for the period during fertilization, 
except in the wall at the midrib where 
cell division has ceased and wall growth 
is due entirely to cell enlargement. After 
fertilization there is no further division 
of cells in the wall at the midrib and wid- 
est radius, and very little in the wall at 
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the septum; but considerable division 
still occurs in the locular region of the 
septum. 

3. Differences in the relative growth 
of two regions are due chiefly to differ- 
ences in the extent of cell division in 
these regions, for greater cell enlarge- 
ment in one region in relation to a second 
is frequently accompanied by relatively 
greater growth of the second region, and 
changes in the relative growth rates of 
two regions are not necessarily accom- 
panied by corresponding changes in the 
relative enlargement of their cells. 
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Introduction 

In the early work on photoperiodic re- 
sponse of many plants it was found that 
when they were returned to photoperi- 
odic cycles not conducive to flowering, 
they frequently abscissed their flower 
primordia and became vegetative (3). In 
other instances the flowers tended to be 
sterile (8). Nanthium pennsylvanicum, 
which will initiate floral primordia and 
produce macroscopic flowers following 
only one photoinductive cycle, was found 
by NAYLOR (6) to produce inflorescences 
that differed markedly in both rate and 
nature of development according to the 
number of photoinductive cycles given. 

NEIDLE’s work with Vanihium (7) in- 
dicated that both nitrogen supply and 
photoperiodic treatment were involved 
in the production of viable pollen. 

GARNER and ALLARD (3, 4) found that 
when Biloxi soybeans were maintained 
on photoperiodic cycles of slightly less 
than 13 hours of light and 11 hours of 
darkness, flower primordia developed 
into flowers in which pollination took 
place, and fruits and seeds developed. If 
Biloxi soybeans were maintained on 
photoperiodic cycles of 8 hours of light 
and 16 hours of darkness, however, the 
primordia developed into small, often 
minute, flowers. Such flowers seldom 
formed full-sized pods, and few seeds 
were produced. In contrast with this, in 
plants held for a few days at the critical 
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period or slightly below it until flower 
primordia were initiated and then trans- 
ferred to a photoperiod longer than the 
critical, a few of the primordia contin- 
ued to develop into flowers much larger 
than those on plants maintained at or 
below the critical. Development of car- 
pels on such plants was slow and these 
often contained no seeds. 

These studies suggest that some type 
of cytological disturbance might be as- 
sociated with the length of the photope- 
riod the plants were subjected to, subse- 
quent to photoperiodic induction. The 
present work deals with this and was un- 
dertaken to determine the effect of vari- 
ous light and dark treatments on micro- 
sporogenesis in Biloxi soybeans which 
had previously received different num- 
bers of photoinductive cycles. 


Procedure 


One of the experiments reported here 
was conducted in the spring and summer 
of 1939, while the other two were con- 
ducted during the spring and autumn of 
1941. In all three experiments environ- 
mental conditions up to the time of treat- 
ment were made as nearly identical as 
possible. Seeds were planted in 43-inch 
clay pots filled with a rich loam soil. The 
seeds were germinated on well-lighted 
greenhouse benches, where supplemen- 
tary illumination from Mazda filament 
lamps extended the length of the photo- 
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period. This light, of approximately 75 
foot-candles at the leaf surface, was sup- 
plied from sunset until 2:00 A.M., thereby 
affording a photoperiod of about 21 hours 
out of 24. This photoperiod of 21 hours 
of light and 3 hours of darkness was sup- 
plied from the time the first trifoliate 
leaf was beginning to expand until treat- 
ment was begun. 

Just before treatment, the plants were 
selected for uniformity in size and vigor 
and divided into several lots, each of 
which (except the controls) received a 
specific number of photoinductive cycles 
(table 1). These photoinductive cycles of 
8 hours of light and 16 hours of darkness 
were provided by drawing a double- 
thickness black sateen cloth over the 
light framework arranged over the bench 
at 4:00 P.M. and removing it at 8:00 
AM. 

In the first and second experiments, 
each lot of plants, except the controls, 
received from three to nine photoinduc- 
tive cycles before being returned to long 
photoperiod conditions of 21 hours of 
light and 3 hours of darkness. In the 
third experiment different lots of plants 
received from two to ten photoinductive 
cycles before being returned to long 
photoperiod conditions, which in this 
case were 16 hours of light and 8 hours 
of darkness. 

Three types of controls were em- 
ployed. One group of plants remained 
on long photoperiod until harvested. 
None of these ever flowered. The second 
group was maintained on natural photo- 
period until harvested. The third group 
remained on short photoperiod until har- 
vested. 

Subsequent to photoinductive treat- 
ment, collections were made at regular 
intervals from each lot in each of the ex- 
periments, according to the procedure 
outlined in table 1. In each of the experi- 
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ments collections were begun at progres- 
sively later dates. Thus in the first ex- 
periment collections were begun as early 
as 1 day after photoinductive treatment 
and were continued for more than 1 
month. In the second experiment col- 
lections were begun 22 days after treat- 
ment had been given and continued for 
2 months. Collections in the third ex- 
periment started 26 days after photope- 
riodic treatments were given and con- 
tinued for more than 23 months. 

To obtain material for cytological 
study, the main axis of the plant was cut 
into short segments, and each node bear- 
ing floral buds was placed in Sax’s modi- 
fication of Navashin’s solution. The ma- 
terial was washed in tap water and run 
up in ethyl-tertiary butyl alcohol to par- 
affin. Sections were cut at 8-104, 
stained with Heidenhain’s iron-alum 
haematoxylin, and counterstained with 
orange G in clove oil. 


Results 


None of the plants in any of the ex- 
periments—with the exception of the 
control lots which received natural pho- 
toperiod and those which were main- 
tained on photoinductive cycles—had 
opened their flowers by the end of any 
collecting period. In every instance the 
time permitted the plants to mature ex- 
ceeded the time recorded by BORTHWICK 
and PARKER (1) as being sufficient for 
maturation following a specific number 
of photoinductive cycles. This difference 
in time required for blooming is prob- 
ably attributable to the difference in 
length of photoperiod used following the 
photoinductive cycles, or to a difference 
in light intensity or quality at Beltsville, 
Maryland, and Chicago, Illinois. 

Examination of the axillary buds 
of the control plants showed that the 
flower primordia first appear as enlarg- 
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ing protuberances in the axils of bracts otic metaphases and anaphases show the 
along the axis. The stamen primordia haploid number of chromosomes to be 
appear while the petal primordia are still 20, which is in agreement with the re- 
small. The latter grow very slowly until ports of FukupA (2) and VEATCH (9). 
the microsporocytes, characterized by Anaphasic separation of the bivalent 
dense cytoplasm and a relatively large chromosomes follows quickly (figs. 5, 6), 
nucleus (as contrasted with somatic resulting in the formation of two nuclei 
cells), are differentiated in the anthers which pass into an interphase of short 
(fig. 1). duration (fig. 7). The second meiotic di- 
TABLE 1 


AGE IN CYCLES OF 


No. OF CYCLES OF NO. OF CYCLES OF LONG PHOTOPERIOD 
LONG PHOTOPERIOD AT 
| SHORT PHOTOPERIOD FOLLOWING INDUCTION* 
TIME OF TREATMENT 
Lot No. | | | | EXPERIMENT | EXPERIMENT EXPERIMENT 
Ex- | Ex- | Ex- | Ex- | Ex- | Ex- I II Il 
| pemi- | PERI- | PERI- | PERI- | PERI- | 
| MENT MENT MENT | MENT MENT | MENT 
I II Ill i). toa First | Last First Last First Last 
PLANT PLANT PLANT PLANT PLANT PLANT 
1A On cycles of long photoperiod until harvested; entirely vegetative 
iB 27 Control plants, on cycles of natural photoperiod, from 14 to 71 cycles until harvested 
$5. 27 23 25 3 3 3 9 26 29 61 58 79 
4 27 22 | 25 | 4 4 4 8 31 | 29 61 | 52 | 73 
5 28 22 25 5 5 5 7 35 | 30 52 43 | 64 
6 29 22 25 6 | 6 6 5 ae 290 51 40 61 
7 32 22 25 7 a 7 I 30 26 47 35 56 
8 33 22 25 8 | 8 8 I 29 26 46 28 50 
9 34 24 25 9 9 9 1 30 22 43 27 49 
11 27 On cycles of short photoperiod, from 13 to 30 cycles until harvested 


* Plants from each lot harvested progressively, so that material in various stages of development would be available. Number of 
cycles of long photoperiod which first and last plants of lot received after photoinduction is indicated. 


Growth of the microsporocyte and its vision produces the four-nucleate stage, 
nucleus soon occurs. The characteristic which is soon followed by cleavage to 
reticulum of the metabolic nucleus is form the tetrahedrally arranged quartet 
transformed into the slender thread stage of microspores (fig. 8). Disintegration of 
of the leptotene. The threads appear as the microsporocyte wall takes place as 
numerous elements, rather uniformly dis- the microspores within it round up and 
tributed throughout the nucleus. Nu- their walls thicken (figs. 9, 10). 
clear diameter increases markedly as the Examination of buds from the photo- 
synaptic pairing of the zygotene pro- periodically treated plants showed that 
ceeds to the pachytene stage (fig. 2). flower primordia had been initiated and 
Following diplotene and diakinesis, the had developed essentially as in control 
bivalent chromosomes are next arranged _ plants, up to the differentiation of micro- 
on the equator of the spindle (figs. 3, 4). sporocytes. Abnormalities in microspo- 
Repeated counts made at the first mei- rogenesis now begin to appear, the time 
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and degree depending in part upon the 
number of photoinductive cycles which 
the various lots of plants had received. 

The first observable abnormality in 
the microsporocytes is a vacuolation of 
the cytoplasm. The vacuoles increase in 
size as the cells enlarge, and there ap- 
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haematoxylin (fig. 11). On the other 
hand, enlargement and vacuolation may 
continue, resulting in large cells with 
little cytoplasm and small nuclei. Suc- 
cessive stages in this process are shown 
in figures 12 and 13. The last stages are 
represented by shriveled anthers, the 


Fics. 1-9.—From control plants of lot 1B: Fig. 1, young microsporocytes; fig. 2, pachytene; figs. 3. 4, 
metaphase I; figs. 5, 6, anaphase I; fig. 7, interkinesis; figs. 8, 9, quartets. 


pears to be little, if any, increase in vol- 
ume of the cytoplasm or of the nucleus. 
Cell enlargement may terminate at any 
point before the size characteristic of nor- 
mal microsporocytes is reached. Degen- 
erative changes may set in while enlarge- 
ment is proceeding, often resulting in ir- 
regular masses of disintegrating sporog- 
enous tissue which stains intensely with 


locules of which contain cells with scanty 
cytoplasm and whose nuclei are either 
small and degenerated or occasionally 
entirely lacking (fig. 14). Shortly after- 
ward the anther wall begins to break 
down, and eventually the entire stamen 
collapses (fig. 15). 

In the lots receiving fewer than six 
cycles of short photoperiod, degenera- 


| 


Fics. 10-19.—Fig. 10, normal microspores from plant of lot 1B. Fig. 11, shriveled anther containing 
degenerated miscrosporocytes, lot 6. Figs. 12, 13, microsporocytes showing vacuolation and early degenera- 
tion, lot. 8. Fig. 14, locule of anther with enlarged microsporocytes containing little cytoplasm and unen- 
larged nuclei, lot 6. Fig. 15, stamen showing early stages of degeneration of wall cells, lot 8. Fig. 16, ana- 
phase I, lot 8. Fig. 17, anaphase IT, nuclei irregular and abnormal, lot 8. Figs. 18, 19, microspores showing 
various stages of degeneration, lot 8. 
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tion of the microsporocytes at early 
stages of microsporogenesis is character- 
istic. In only one instance was morpho- 
logically normal microspore development 
observed. A few plants given six cycles 
of short photoperiod have shown devel- 
opment beyond the microsporocyte 
stage. The meiotic process may proceed 
apparently normally through the first 
meiotic division (fig. 16) and as far as 
the anaphases of the second (fig. 17). In 
many cells there is frequently evidence 
of chromosomal degeneration at these 
stages, with consequent failure of telo- 
phasic reorganization. Some cells in 
which an apparently normal telophasic 
reconstruction occurs may undergo pre- 
mature cleavage, followed by collapse of 
the resulting abnormal microspores. 
Normal meiosis does occur in the micro- 
sporocytes of some anthers of plants 
which had received six or more photoin- 
ductive cycles, and tetrads are formed 
which appear capable of developing into 
functional microspores (fig. 19). A high 
percentage of the microspores in these 
plants undergo degeneration, however, 
even at these advanced stages of develop- 
ment. 

Differences in degenerative changes 
between experiments I and II, which 
had received postinductive photo-pe- 
riods of 21 hours, as compared with 
those of experiment III, receiving 16 
hours, are quantitative rather than qual- 
itative, in that abnormalities of the same 
type occur in all but are more intense in 
the first two. In all the experiments, re- 
gardless of the character of the postin- 
ductive photoperiods, less than six in- 
ductive cycles of short photoperiod re- 
sult in suppression of microsporogenesis 
prior to the formation of microspores. 
With six or more inductive cycles, ap- 
parently normal as well as abnormal pol- 
len was produced, with an increase in 
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percentage of the former as the number 
of inductive cycles approaches ten. Nev- 
ertheless, in the lot receiving ten cycles 
of short photoperiod, although degenera- 
tion in earlier stages was less, disintegra- 
tion of microspores and the presence of 
nonviable pollen is still apparent. 


Discussion 


The degenerative changes observed 
during microsporogenesis in Biloxi soy- 
bean which had been given fewer than 
six photoinductive cycles and then re- 
turned to a postinductive photoperiod of 
16 or 21 hours have been found to be 
similar, in many respects, to the effects 
of carbohydrate deficiency in the tomato 
as described by How ett (5). He found 
that severe carbohydrate deficiency re- 
sulted in failure of the nuclei of sporoge- 
nous cells to reach meiotic divisions. 
The walls of these cells collapsed and the 
protoplasts degenerated before the pro- 
phases were initiated. This occurred con- 
currently with retardation in develop- 
ment of the entire flower as a result of 
limitation of carbohydrates. 

Early degeneration of the sporogenous 
tissues likewise occurred in all the groups 
of photoperiodically induced soybean 
plants used in these experiments, but it 
was only in those groups receiving five 
or fewer photoinductive cycles that de- 
velopment failed to proceed beyond the 
early prophase stages of meiosis. And 
even in these groups the perianth seg- 
ments were not noticeably retarded in 
development up to this time. 

In the groups given six to ten photo- 
inductive cycles, degeneration at later 
stages in meiosis was frequent. In some 
anthers, microsporocyte enlargement oc- 
curred regularly; but during its progress 
increasing vacuolation of the cytoplasm, 
accompanied with nuclear disintegration, 
resulted in the production of shriveled 
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anthers containing disorganized, densely 
staining masses of sporogenous cells. In 
other anthers the sporocytes appeared to 
undergo an apparently normal meiosis 
and produced four groups of chromo- 
somes, each inclosed by a nuclear mem- 
brane. In those plants given seven or 
eight photoinductive cycles, degenera- 
tion frequently occurred before the four 
groups of chromosomes were reorganized 
as resting nuclei and before cleavage into 
microspores took place. Even when rest- 
ing nuclei were organized, as was often 
observed in plants given nine or ten pho- 
toinductive cycles, degeneration of the 
microspores might still occur immediate- 
ly following cleavage. Morphologically 
normal microspores were found, how- 
ever, in many of the plants which had 
received eight to ten photoinductive 
cycles, despite the high percentage of de- 
generation in earlier stages of meiosis. 

As in carbohydrate-deficient tomato 
plants, where the degree of degeneration 
was directly proportional to the severity 
of the deficiency and to the level of de- 
velopment at which it is operative, the 
number of photoinductive cycles in the 
soybean influences similarly the degree 
and stage to which normal development 
of microsporocytes may proceed. The 
length of the postinductive photoperiod 
appears also to be an important factor 
affecting the degree of sterility in the 
plants of these experiments, when they 
are compared with the results obtained 
by Bortuwick and PARKER, who used 
natural photoperiod following the photo- 
inductive treatments. 


Summary 
1. Three experimental series of Biloxi 
soybeans were given photoinductive 
treatments of from two to ten cycles, 


consisting of 8 hours of natural daylight 
followed by 16 hours of darkness. After 


induction, series | and II were placed on 
cycles of long photoperiod, consisting of 
21 hours of light and 3 hours of darkness, 
and series III on cycles of 16 hours of 
light and 8 hours of darkness. 

2. Three types of controls were em- 
ployed. One group of plants was kept on 
long photoperiod. None of these flow- 
ered. A second group was kept on nat- 
ural photoperiod and a third on short 
photoperiod. These two groups flowered. 

3. Floral buds from controls and from 
the three experimental series were col- 
lected progressively in order to obtain 
various stages in development. In the 
second and third groups of controls, 
floral development was normal and meio- 
sis occurred as has been described by 
previous workers. In all the experimen- 
tal groups the floral structures developed 
normally until the differentiation of 
sporocytes had occurred in the anthers. 
Following this, various abnormalities in 
meiosis were observed. 

4. In plants given five or fewer photo- 
inductive cycles, the sporocytes might 
begin to enlarge, accompanied by marked 
vacuolation of the cytoplasm and _ulti- 
mate disintegration of their nuclei. Only 
a few of the sporocytes ever reached the 
metaphase stage of meiosis I. 

5. In plants receiving six or more 
photoinductive cycles of short photope- 
riod, degeneration of microsporocytes in 
some anthers may occur as already de- 
scribed, but in others the sporocytes un- 
dergo apparently normal meiosis, and 
four groups of chromosomes are formed. 
In some instances degenerative changes 
occur at this point before cleavage into 
microspores takes place; in others cleav- 
age occurs followed by degeneration be- 
fore development of normal microspores 
has been accomplished; while in a very 
small percentage of instances apparently 
normal microspores are formed. Even 
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those plants receiving as many as ten 
photoinductive cycles of short photope- 
riod showed a high percentage of degen- 
erated microspores. 

6. The long postinductive photoperiod 
employed in these experiments appears 
to have played a significant role in bring- 
ing about the degenerative changes ob- 
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served and in suppressing the develop- 
ment of mature flowers. 


The writer is indebted to Dr. J. M. 
BEAL for his counsel and assistance dur- 
ing the course of this investigation. 
DEPARTMENT OF BOTANY 
UNIVERSITY OF CHICAGO 
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CYTOLOGY OF APOGAMY IN POLYSTICUM TSUSSEMENSE 


SISTER MARY THOMASINE PATTERSON 


(WITH NINE FIGURES) 


Introduction 

Although numerous investigators have 
reported apogamy in various species of 
ferns, cytological investigations of the 
phenomenon have not been numerous. 
The first work of this nature was that of 
FARMER et al. (7), who found the number 
of chromosomes in the nuclei of the 
sporophytic cells to be twice that of those 
in the gametophytic cells in Nephrodium 
pseudo-mas var. polydactyla. They con- 
cluded that the doubling process oc- 
curred when nuclei of adjacent game- 
tophytic cells fused. The resulting game- 
tophytic cells, with the doubled number 
of chromosomes, produced the diploid 
sporophyte. 

DicBy (2), investigating Nephrodium 
pseudo-mas var. cristata apospora, found 
no change in chromosome number in 
passing from the gametophytic to the 
sporophytic generations. 

FARMER and Dicsy (8) investigated 
the phenomenon in several ferns. These 
differed among themselves with respect 
to nuclear fusions. As a result of their 
investigations they made two divisions 
of apogamous ferns: those in which fer- 
tile spores were produced and in which 
there were nuclear migrations and fu- 
sions in the gametophytic phase and 
those which were both apogamous and 
aposporous and showed no change in 
chromosome number during the life cy- 
cle. 

ALLEN (1) described a fusion of nuclei 
and cells in the sporangium of Aspidium 
(Cyrtomium) falcatum. The develop- 
ment of the sporangium was normal up 
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to the formation of the sixteen sporog- 
enous cells. These cells, according to 
her description, then fused in pairs and 
produced eight spore mother cells with 
the double number of chromosomes. The 
fusion was always in pairs and generally 
all the cells in the sporangium fused. Re- 
duction divisions followed, and thirty- 
two haploid spores were formed. 

STEIL (13) found that there were only 
eight sporogenous cells in the spore sac 
of Nephrodium (Dryopteris) hirtipes. 
When these cells and their nuclei were 
apparently about to form the usual six- 
teen cells, interruptions occurred at vari- 
ous stages which STEIL (13) described as 
incomplete nuclear and cell divisions. 
The subsequent meiotic divisions were 
regular, and haploid spores were formed 
which upon germination produced the 
gametophytes. 

HayEs (9) found binucleate cells in the 
gametophyte of Pellaea atropurpurea. 
These cells resulted from nuclear divi- 
sion unaccompanied by cell division or 
from the migration of nuclei as described 
by FARMER and Dicpy (8). However, 
she never found fusion of these nuclei 
and was unable to trace the origin of the 
apogamous embryo to a “fusion” nu- 
cleus. The nuclei of both gametophytic 
and sporophytic cells contained forty 
chromosomes, so it was concluded that 
there was no cytological significance in 
the binucleate condition. She suggested 
that these binucleate cells might have a 
nutritive function similar to that of the 
binucleate tapetal cells of plants. 

Déppr’s (3) findings with Aspidium 
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(Dryopleris) remotum were much the 
same as those reported by STEIL (13) for 
Nephrodium (Dryopteris) hirtipes. All 
the sporogenous cells did not behave in 
the same manner, however. He reported 
incomplete nuclear and cell divisions in 
many cases. In others some of the nuclei 
and cells divided completely but in an 
irregular manner, so that the resulting 
nuclei and cells were not equal in size. 
Consequently the sporangium contained 
from eight to sixteen spore mother cells 
of varying size, depending upon the num- 
ber of cells that underwent the irregular 
divisions and the number of chromo- 
somes each received, <A third type of 
division was entirely regular, so that the 
sporangium contained sixteen spore 
mother cells, which later, however, pro- 
duced sterile spores. The spore mother 
cells formed by either the incomplete or 
the irregular divisions gave rise to spores 
by meiotic divisions. The percentage of 
viability of the spores was good, for the 
most part. D6pp (4) also found essen- 
tially the same phenomena in Aspidium 
(Dryopteris) filix-mas var. crist. 

HEUN (10), investigating Pleris cretica 
var. albo-lineata, found that both game- 
tophyte and sporophyte possessed the 
haploid number of chromosomes. He ob- 
served no fusion of nuclei or cells in either 
gametophyte or sporophyte, no incom- 
plete nuclear and cell divisions of the 
sporogenous cells, and no reduction divi- 
sions in the spore mother cells. 

STEIL (14) has reviewed the entire 
question of apogamy, and Dérp (5) has 
summarized nuclear behavior in apoga- 
mous ferns, with special reference to in- 
complete divisions. 

This investigation was undertaken to 
discover the nuclear history of the 
apogamous fern, Polysticum tsussemense 
J. Smith, including detailed studies of 
both gametophyte and sporophyte. 
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Material and methods 
GAMETOPHYTE 

Spores of Polysticum tsussemense J. 
Smith were obtained from plants grown 
in the greenhouse of Marquette Univer- 
sity and sown on Beyerinck’s solution, 
as modified by Moore (12), in Erlen- 
meyer flasks, the nutrient solution and 
flasks having been sterilized previously 
in the autoclave. The flasks were kept in 
a Wardian case in the greenhouse. Three 
hundred and fifty-five sowings were made 
over a 2-year period. Gametophytes in 
all stages of development were fixed in 
chromo-acetic solution. The material 
from each fixation was separated into 
two parts. One portion was used for 
whole mounts, stained in Harris’ haema- 
toxylin, run up into Venetian turpen- 
tine, and finally into balsam. The other 
was dehydrated and infiltrated in iso- 
amyl alcohol’ and imbedded in paraffin. 
Sections were cut at 7 or 10 wand stained 
with safranin, gentian violet, and orange 
G or fast green, or with only safranin and 
fast green. 

To determine the percentage of ger- 
mination of the spores they were sown on 
the surface of sterilized Beyerinck’s solu- 
tion, which had been placed into Stender 
dishes. Spore counts from individual 
sporangia were made by mounting the 
sporangia in water and then dehydrating 
them with glycerin. When the sporangia 
opened and the spores were liberated, the 
number could be readily counted. Im- 
mature spores were also counted after 
staining, according to McC.Lintock’s 
(11) smear method. 


SPOROPHYTE 


Material for the sporophytic studies 
was obtained from the same plants. 
t First used in the biological laboratories of Mar- 


quette University by Dr. Stett. The results of the 
use of this reagent have not yet been published. 
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Young sori in various stages of develop- 
ment were removed from the leaves and 
fixed in Flemming’s medium fluid or in 
Navashin’s fixative. Also portions of the 
pinnae with sori were fixed in the same 
solutions. Fixations were made at vari- 
ous times during the day for a period of 
2 years. Various dehydrating and infil- 
trating agents were tried, but since iso- 
amyl alcohol proved so satisfactory it 
was used most extensively. After im- 
bedding in paraffin, sections were cut at 
10. Flemming’s triple stain was gen- 
erally used, although safranin and fast 
green were found satisfactory. 

The number of spore mother cells in a 
single sporangium was determined from 
a study of serial sections of the sporan- 
gium and also by examination of smear 
preparations. 

Chromosome counts were made from 
smears prepared according to Belling’s 
technique as modified by McC.iintock 
(11). Instead of dehydrating with abso- 
lute alcohol and xylol and mounting into 
balsam, however, the material was 
mounted in euparol directly from abso- 
lute alcohol. Counts were made of sec- 
tioned material also. Dividing nuclei of 
cells of root tips, croziers, and sporog- 
enous cells were obtained for the chro- 
mosome counts. 


Observations 


GAMETOPHYTE AND APOGAMOUS 
EMBRYO 


The spores possessed a low percentage 
of viability and were rather slow in ger- 
minating. The first evidence of germina- 
tion was the breaking of the exosporium 
and the extruding of the first prothallial 
cell. Chloroplasts, bright green in color, 
were abundant in this cell almost as soon 
as it emerged, and even before cross walls 
could be seen. The first division resulted 


in a projecting colorless rhizoid and a 
rather large cell containing many chloro- 
plasts. The rhizoid elongates but under- 
goes no division. The chlorophyllose cell 
gives rise to a filament of six to eight 
cells by transverse divisions. From the 
filament, two, three, or more rhizoids are 
later produced. 

After the formation of the filament of 
several cells the young prothallium be- 
comes broadened at the anterior end, and 
soon the characteristic heart-shaped 
form of the gametophyte can be recog- 
nized. The entire plant is only one cell in 
thickness at this stage. Numerous one- 
celled glandular hairs are produced from 
the margins and on the dorsal surface. 
Further development results in a thick- 
ening of the central region of the pro- 
thallium and the formation of a typical 
cushion. Numerous long rhizoids are 
formed in the posterior region on the 
ventral surface. 

When the plants were grown in strong 
light and in uncrowded cultures, no an- 
theridia were produced. When light was 
weak, and especially if the plants were 
crowded, long filaments rather than 
heart-shaped gametophytes were formed, 
and antheridia with mature antherozoids 
were produced in abundance. Arche- 
gonia were not observed on any of the 
prothallia examined. Hundreds of pro- 
thallia were examined, both in sections 
and in whole mounts, to determine 
whether the cells of the cushion were 
binucleate, but at no time were cells of 
this type found. 

While still small, less than § inchin 
diameter, the gametophytes exhibit the 
first evidence of apogamy. A group of 
very small cells appears a short distance 
behind the apical notch. Later tracheids 
can readily be seen in this region. In sec- 
tions the tracheids are seen to be bound- 
ed on either side by cells that are much 
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smaller than others of the gametophyte. 
These small cells have nuclei that are 
larger, in proportion to the size of the 
cells, than the nuclei of the larger cells. 
Soon after the formation of the tracheids 
in the gametophyte, the leaf, root, and 
stem regions are differentiated. These 
primordia give rise to the leaf, root, and 
stem, which are readily seen with the 
naked eye when the gametophyte is 2-3 
months old. About 7 months after sow- 
ing the spores, the young sporophyte has 
produced three or four juvenile leaves. 
By this time the gametophyte begins to 
show evidence of dying, and the sporo- 
phyte continues an independent exist- 
ence. 


SPOROGENOUS CELLS 


Nothing unusual was observed in the 
development of the sporangium from the 
time of the appearance of the sporangium 
initial to the formation of the eight an- 
gular sporogenous cells. The events fol- 
lowing their formation, however, do not 
proceed in the usual manner. The first 
evidence of irregularities in these cells is 
observed during the prophase of the nu- 
clear division. Emerging from the meta- 
bolic condition the nucleus contains a 
large number of threads (fig. 1), which 
gradually contract and take a heavier 
stain. Each consists of two portions or a 
split chromosome. These lie scattered 
within the nucleus. Most frequently, 
this division proceeds no further and the 
nucleus becomes very large and spherical, 
almost completely filling the cell. It then 
passes directly into the metabolic stage 
again. It differs from the previous meta- 
bolic nucleus in its larger size and in the 
possession of the double number of chro- 
mosomes. 

Often the divisions proceed further, 
the nuclear membrane disappears, and 
the split chromosomes lie free in the cell 
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without any particular orientation (fig. 
2). Spindle fibers may not be formed, 
and the chromosomes may not be ar- 
ranged in an equatorial plate (fig. 3). 
Since no spindle fibers are produced, the 
chromosomes are not pulled apart. A 
new nuclear membrane is formed about 
the chromosomes, and each sporogenous 
cell, now destined to function as a spore 
mother cell, contains a large spherical 
nucleus with the diploid number of chro- 
mosomes (fig. 4). The cells are still quite 
angular in shape and in close contact 
with one another. The outstanding visi- 
ble change is in the size of the nucleus, 
which now occupies almost the entire 
cell (cf. figs. 1 and 4). 

Generally all eight cells of the spo- 
rangium are in the same stage of develop- 
ment and show the same evidence of in- 
complete nuclear division. Not infre- 
quently, however, the nuclei, instead of 
being spherical in form, may be dumb- 
bell- (fig. 5) or kidney-shaped (fig. 6). 
These are the result of a division which 
was not interrupted in the prophase but 
at a later stage. Instead of the split 
chromosomes being scattered about with 
no particular orientation within the cell, 
they come to lie in the equatorial plate. 
Spindle fibers are weakly developed; 
hence the chromosomes are not drawn to 
the poles of the spindle, and diploid nu- 
clei, some of which are at first irregular 
in shape, are formed. When some of the 
chromosomes are drawn to the spindle 
poles, the anaphase is partially initiated 
and the diploid restitution nucleus may 
be irregular in form, such as kidney- or 
dumb-bell-shaped, as a result of aberra- 
tions of the mitotic figure. Often the 
chromosomes do not reach the poles si- 
multaneously; instead there are a number 
at each pole and the remainder scattered 
about on the spindle, some of them still 
being at the center of the first spindle. 
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Fics. 1-6.*—Fig. 1, archesporial cell in early prophase. Fig. 2, chromosomes of archesporial cell lying 
free, showing no particular orientation. Spindle fibers failed to develop. Fig. 3, three of the eight archesporial 
cells with dividing nuclei. Fig. 4, diploid spore mother cell showing large spherical nucleus. Fig. 5, dumb-bell- 
shaped nucleus in spore mother cell, formed as result of incomplete division which proceeded through pro- 
phase. Fig. 6, kidney-shaped nucleus in spore mother cell, also formed by division interrupted at stage later 
than prophase; incomplete cell division also evident. 


* All figures are camera lucida drawings made at 1900 diameters. Figs. 8 and 9 from smear preparations; all others from sec- 
tioned material, 
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When the division is interrupted at a 
late mitotic stage, incomplete cell divi- 
sion often also occurs (fig. 6). The cell 
plate is laid down on the spindle fibers, 
but since these are frequently present on 
only one side of the nucleus, the cell 
plate does not extend completely across 
the cell (fig. 6). 

As already stated, nuclei of different 
forms may be observed in the same 
sporangium, but the majority are of the 
large spherical shape which resulted from 
interruption of the nuclear division in the 
prophase. 

After the incomplete nuclear division 
has occurred, often accompanied by in- 
complete cell division, the resulting cells 
gradually lose their angular shape and 
assume the large spherical form charac- 
teristic of spore mother cells. At the 
same time the tapetal cells begin to dis- 
integrate and the spore mother cells 
separate. Somewhat later, most of the 
nuclei also assume the large spherical 
form, and generally there is no appar- 
ent evidence of the incomplete division. 

Soon after the rounding up of the 
spore mother cells and their nuclei, the 
meiotic divisions are initiated. The chro- 
mosomes present in the double number, 
owing to the incomplete division, be- 
come long and thin during early pro- 
phase. The sister chromosomes then 
pair and pass into synapsis. The synap- 
tic mass lies near one side of the nuclear 
membrane, and the rest of the nucleus 
appears as a large clear space. The 
synaptic knot loosens, and the chromo- 
somes, in the paired condition, thicken 
and lie scattered about in the nucleus. 

At diakinesis the chromosomes are 
easily observed in pairs. Passing into 
metaphase, the nuclear membrane dis- 
appears and the chromosomes lie in the 
equatorial plate. Counts made at this 
stage showed g1 pairs of chromosomes 
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present. Spindle fibers are formed and 
are not difficult to demonstrate at this 
stage. The four chromatids character- 
istic of the meiotic chromosomes could 
be readily observed in the paired chro- 
mosomes (fig. 7). The doubleness of each 
of the chromosomes could also be demon- 
strated in the anaphase of the first or 
heterotypic division. 

The second division follows almost im- 
mediately, and it is not unusual to find 
one nucleus beginning the second divi- 
sion while the other has already com- 
pleted it. As a result of the meiotic divi- 
sions each cell of the spore tetrad con- 
tains the same number of chromosomes 
as seen in the sporogenous cells before the 
incomplete nuclear divisions occurred. 
The cells of the tetrad separate and 
finally round up to form mature spores. 

‘The relationship of chromosome num- 
bers in the various phases in the life his- 
tory of this fern is not, as has been dem- 
onstrated, the one typical of gameto- 
phytic and sporophytic generations. 
Since fertilization does not occur in the 
life history, the number of chromosomes 
in the gametophytic cells is carried over 
to the sporophytic cells. The number is 
doubled as a result of the incomplete nu- 
clear division, which occurs in the sporog- 
enous cell and is restored by the meiotic 
divisions which follow. Chromosome 
counts verified this fact. On account of 
the large number of chromosomes, how- 
ever, the counts were made with con- 
siderable difficulty. The chromosome 
number obtained in the gametophytic 
cells (fig. 8), in the dividing nuclei of 
spermatogenous cells, and in root-tip 
cells (fig. g) is approximately grt. 

The sporophyte produces sori in great 
numbers. The origin and growth of the 
sporangia and sporogenous cells follow 
the usual pattern up to the eight-celled 
stage. Then the nuclei of the eight cells 
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undergo an incomplete division. This di- 
vision is generally arrested during the 
prophase, but may proceed to metaphase 
or partial anaphase. As a result of the 
incomplete nuclear division, unaccom- 
panied by cell division, the sporangium 
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STEIL (13) in Nephrodium (Dryopteris) 
hirtipes and to that in Aspidium (Dryop- 
teris) remotum and in A. (D.) filix-mas 
var. cristata described by D6pp (3, 4). In 
the majority of cases, however, the ordi- 
nary mitotic divisions in P. tsussemense 


Fics. 7-9.—Fig. 7, a few of the chromosomes of spore mother cell showing some tetrads. Fig. 8, game- 
tophytic cell with 91 chromosomes. Fig. 9, cell of root tip with 91 chromosomes. 


contains eight spore mother cells, each 
with the doubled number of chromo- 
somes. These cells undergo meiotic divi- 
sions to form thirty-two spores, each 
with the haploid number of chromo- 
somes. 

The cytological history of P. tsusse- 
mense is similar to that first described by 


do not proceed in the eight sporogenous 
cells further than prophase, whereas in 
the other three species division is fre- 
quently interrupted at a later mitotic 
stage. 

There was no evidence of fusion of 
nuclei, either in the gametophytic or in 
the sporogenous cells, like that described 
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by FARMER and Dicsy (8) in Lastrea 
pseudo-mas var. polydactyla or in Aspi- 
dium (Cyrtomium) falcatum as reported 
by ALLEN (1). 


Summary 


1. The prothallia of Polysticum tsusse- 
mense J. Smith develop normally and 
produce antheridia but no archegonia. 

2. The sporophyte always arises apog- 
amously from cells of the gametophyte 
posterior to the apical notch. 

3. Nuclear divisions of the eight 
sporogenous cells are generally inter- 
rupted during prophase but may proceed 
to metaphase or to partial anaphase. 
When nuclear division proceeds to par- 
tial anaphase, it is often accompanied by 
incomplete cell division. 
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4. The eight spore mother cells pro- 
duced as a result of the incomplete nu- 
clear divisions possess the diploid num- 
ber of chromosomes, 91 pairs. 

5. Meiotic divisions of spore mother 
cells are regular and give rise to 32 
spores, each with g1 chromosomes. 

6. The number of chromosomes in the 
gametophyte and sporophyte is there- 
fore the same, 91. 


The writer wishes to express her deep 
appreciation to Dr. W. N. STEIL of Mar- 
quette University for suggesting the 
problem and directing the investigation, 
and for his unfailing assistance and en- 
couragement. 


Mount Mary COLLEGE 
MILWAUKEE, WISCONSIN 
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EFFECTS OF GROWTH SUBSTANCES ON RESERVE STARCH 


BAUSOR 


(WITH EIGHT FIGURES) 


As a sequel to work on the interaction 
of growth substances and soluble carbo- 
hydrates (1), a study was made of the 
effect of indoleacetic and B-naphthoxy- 
acetic acids on the hydrolysis of starch. 
Previous reports have shown that growth 
substances accelerated digestion of starch 
in bean leaves (7, 8), and that indoleace- 
tic acid caused starch to disappear from 
the endodermis of bean stems (2). 


Material and methods 


Indoleacetic or 8-naphthoxyacetic acid 
was applied either in lanolin (1 per cent) 
to one side of cuttings or was added to 
the nutrient in which the cuttings were 
maintained or in which thin sections 
were placed. In the case of the lanolin 
treatments, observations were made after 
6 days in the dark. The cuttings of these 
experiments were in a mineral nutrient 
which contained 1 per cent of either su- 
crose, glucose, levulose, maltose, or lac- 
tose. 

Samples were preserved in Allen and 
Wilson’s modification of Bouin’s solu- 
tion. Hand sections were cut and placed 
in 95 per cent alcohol. It is essential to 
remove the fixative thoroughly before 
testing for starch. The sections were then 
placed in an absolute alcoholic solution of 
iodine and cleared in xylol. 


Experimental results 


A large amount of starch is deposited 
in pith and endodermis of tomato cut- 
tings cultured in the light in a sucrose 
medium. The plants kept in the dark for 
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6 days still have a copious supply, which 
is mostly confined to the endodermis. 
The same was true when sucrose was re- 
placed by maltose, lactose, glucose, or 
even levulose—the only sugar used that 
was not convertible to glucose upon hy- 
drolysis. Cuttings in the mineral nutri- 
ent alone were completely devoid of 
starch after 6 days in darkness. 


GROWTH SUBSTANCE IN LANOLIN 


Both 8-naphthoxyacetic and indole- 
acetic acid had a definite influence on the 
rate of hydrolysis of starch in tomato cut- 
tings. Even in the presence of a high con- 
centration of soluble carbohydrate the 
starch content decreased in the activated 
cells, although tardily. The endodermal 
cells might enlarge and divide and still re- 
tain a fairly large supply of starch. It was 
commonly present in the four daughter 
cells of the endodermis after two divi- 
sions (fig. 1). The grains, however, were 
much smaller in these cells than in that 
portion of the endodermis outside the in- 
fluence of the growth substance, indicat- 
ing that gradual solution was taking 
place. As activity increased the starch 
finally disappeared. The results were 
similar with all five of the sugars. Where 
the response was very strong, as cuttings 
in maltose, starch was to be found in the 
activated cells only where they bordered 
on the unaffected ones. In lactose cut- 
tings, on the other hand, it was often 
present in the midst of the most active 
region. 

Nitrogen-deficient tomato plants re- 
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acted in the same manner to the growth 
substances. A gradual diminution of the 
starch took place in the activated tissues, 


NER, and PARKER (3) described the tem- 
porary storage of starch in very young 
primordia and its rapid disappearance 


Fics. 1-4.—Fig. 1, tomato cutting in 1 per cent levulose, treated with 1 per cent indoleacetic acid in 
lanolin; small starch grains still present in divided endodermis. Fig. 2, nitrogen-deficient tomato plant, 
treated with r per cent indoleacetic acid in lanolin; starch grains present in endodermis after two divisions. 
Fig. 3, bean cuttings in greenhouse 48 hours in sugar-free medium containing 0.02 per cent indoleacetic acid; 
starch grains small and less abundant. Fig. 4, as in fig. 3, but in 0.0002 per cent indoleacetic acid; starch 


grains large and abundant; effect similar to control. 


even in the light (fig. 2). On the con- 
trary, starch was deposited in the endo- 
dermal derivatives which formed the root 
cap of the primordia. BorTHwick, Ham- 


therefrom. In the presence of a source of 
soluble carbohydrate, however, an abun- 
dance of starch might be found in the 
caps of young roots ready to emerge, 
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while they were still under the influence 
of the growth substance. There was a 
sharp demarkation between the starch- 
storage cells of endodermal origin and the 
cells of the root proper. 

The physiological peculiarity of the 
endodermis, which distinguishes it from 
other tissues in its facility to deposit 
starch, was retained by its direct lineal 
descendants. Here isa tissue retaining its 
special physiological function under mor- 
phologically different conditions. Starch 
was observed in the root cap in cuttings 
cultured in sucrose, maltose, glucose, and 
levulose. In the case of the last, a con- 
version to glucose very likely occurred 
(4). The root caps in nitrogen-deficient 
plants also contained starch. 


GROWTH SUBSTANCE IN SOLUTION 
IN MEDIUM 


1. THIN SECTIONS. —To test the effect 
of indoleacetic acid on the hydrolysis of 
starch by more direct contact, without 
the complicating factor of translocation, 
thin sections up to approximately 0.5 
mm. were cultured in Petri dishes in nu- 
trient solutions to which the growth sub- 
stance was added. The results of trial ex- 
periments showed that a concentration 
of 0.02 per cent retarded the rate of hy- 
drolysis of starch. Both bean and tomato 
were used. The tomato sections. were of 
two types: those cut from plants growing 
in flats in the greenhouse and those from 
cuttings cultured in 1 per cent sucrose for 
48 hours. The latter had a much higher 
starch content. The media, plus and 
minus sucrose, ranged in concentration 
of indoleacetic acid from 0.02, 0.002, 
0.0002, 0.00002, tO 0.000002 per cent. 
Controls contained no growth substance. 
The sections were preserved for study 
after 24 and 48 hours. Tomato sections 
were cut from the internode below the 
second expanded leaf from the apex; bean 


sections were cut from the lower portion 
of the third internode. 

No quantitative differences could be 
noted, at least by the microchemical 
method, among any of the cultures con- 
taining sucrose. At the end of 48 hours 
starch was still abundant. Sugar retard- 
ed the hydrolysis of starch. In the minus- 
sucrose sections digestion of starch oc- 
curred rapidly in controls and concentra- 
tions of indoleacetic acid below 0.002 per 
cent, while those in 0.02 and 0.002 per 
cent contained abundant starch. The re- 
sults were similar with the two tomato 
series and with the bean. 

Thin sections in 0.02 per cent indole- 
acetic acid brought rapid decomposition 
of the growth substance. The solution be- 
came reddish brown after 24 hours, and 
the sections were stained a deep red. 

Thus the starch present at the time of 
culturing, both in tomato and bean 
stems, was depleted faster in those cul- 
tures in which sugar was not present in 
the medium and faster in those with low 
concentrations of indoleacetic acid than 
in higher concentrations. The rate of hy- 
drolysis in the lower concentrations was 
comparable with that of the controls in 
which indoleacetic acid was absent. The 
low concentrations of growth substance 
were apparently without effect. Under 
the conditions of these experiments, 
therefore, where indoleacetic acid was ef- 
fective it acted in slackening the rate of 
hydrolysis of starch. LINDNER (5) found 
that indoleacetic acid had no effect upon 
small segments of horseradish; he attrib- 
uted this result to oxidizing enzymes or 
other unknown factors. 

2. CuttTincs.—To determine whether 
comparable tissues in the intact stem re- 
sponded to aqueous solutions of the 
growth substance in the same way as the 
thin sections, kidney bean cuttings were 
maintained in similar series of indoleace- 
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tic-acid dilutions plus and minus sucrose, 
and controlled as indicated. One set of 
plants was put in the subdued light of the 
laboratory in the same place where the 
Petri dish cultures were kept; a second 
lot was returned to the greenhouse. In 
this way two levels of carbohydrate nu- 
trition were established, one of which co- 
incided with that of the thin sections. 
Fixations of the lower portion of the third 
internode were made after 24 and 48 
hours 

Results with intact stems were differ- 
ent from those of the thin sections. The 
digestion of starch was definitely acceler- 
ated by 0.02 per cent indoleacetic acid. 

Cuttings in laboratory.— Plants in the 
laboratory cultured in the sugar-free nu- 
trient exhibited the clearest results. In 
48 hours the controls and lower concen- 
trations of indoleacetic acid still had con- 
siderable starch in endodermis and sto- 
mata but in no other tissue (fig. 7), while 
the 0.02 per cent cuttings were complete- 
ly devoid of starch, except in the sto- 
mata. Moreover, marked cellular activ- 
ity occurred. The endodermal cells en- 
larged and nuclei and nucleoli increased 
greatly in size in the cortex, endodermis, 
phloem parenchyma, cambium, and ray 
cells (fig. 5). 

Cuttings in sucrose also showed after 
48 hours a decrease in starch content 
when treated with 0.02 per cent indole- 
acetic acid. Only a small amount of 
starch remained in cortex, endodermis, 
and pith, but it was plentiful in the cam- 
bium (fig. 6). The controls and all greater 
dilutions of the growth substance had an 
obviously greater amount of starch in all 
tissues, with the exception of the cam- 
bium (fig. 8). 

The effects were not very noticeable in 
24 hours. In minus-sucrose cuttings 0.02 
per cent indoleacetic acid hastened the 
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hydrolysis of the starch in the endo- 
dermis only slightly more than in the 
controls, and the nucleoli of the activated 
tissues started to enlarge. In greater di- 
lutions the starch was at least as plenti- 
ful as in the controls. 

There were no noted differences in 
starch content in the plus-sucrose series 
after 1 day. The most obvious difference 
was the enlargement of nucleoli in endo- 
dermis, phloem, and cambium, especially 
with 0.02 per cent indoleacetic acid. Some 
nuclei with enlarged nucleoli were also 
noted in these tissues in 0.002 per cent 
dilution. 

Cuttings in greenhouse——The minus- 
sucrose cuttings cultured in the green- 
house in 0.02 per cent indoleacetic acid 
had some starch in endodermis and pith 
after 48 hours, but appreciably less than 
any of the other dilutions and less than 
the controls. The nuclei of endodermis, 
ray, phloem parenchyma, and cambium 
had enlarged greatly and contained large 
nucleoli (fig. 3). Large nucleoli were also 
present in plants treated with 0.002 per 
cent, but lower concentrations and con- 
trols did not show this effect (fig. 4). 

Cuttings in the greenhouse, after 48 
hours in a sucrose medium containing 
0.02 per cent indoleacetic acid, had an 
abundance of starch in pith and endo- 
dermis. The amount, however, was less 
than in the controls. The amount of 
starch present in plants treated with 
0.002 per cent was little different from 
that of the greater dilutions or the con- 
trols. In 0.02 and 0.002 per cent solu- 
tions nuclear enlargement occurred with 
corresponding increase in size of nucleoli, 
while higher dilutions and controls had 
small nuclei and nucleoli. In 24 hours 
these plus-sucrose cuttings did not differ 
much from the controls as to starch con- 
tent or nuclear size. 
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Fics. 5-8.—Fig. 5, bean cutting cultured 48 hours in 0.02 per cent indoleacetic acid in sugar-free medium 
in laboratory; starch has disappeared; nuclei and nucleoli have enlarged. Fig. 6, bean cutting in laboratory 
48 hours in medium containing 0.02 per cent indoleacetic acid and 1 per cent sucrose; starch present in endo- 
dermis, phloem parenchyma, and especially in cambium. Fig. 7, as in fig. 5, but in 0.000002 per cent indole- 
acetic acid; starch still plentiful in endodermis; nuclei and nucleoli small; effect similar to control. Fig. 8, 
as in fig. 6, but without indoleacetic acid; much more starch in endodermis, less in cambium. 
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GROSS RESPONSES ACCOMPANYING 
DEPLETION OF STARCH 


Bean cuttings in media containing 0.02 
and 0.002 per cent indoleacetic acid, with 
and without sucrose, showed marked re- 
sponse within 1 hour after placing them 
in the solution. The leaflets apparently 
grew faster on the lower surface and 
curled symmetrically until their edges 
met. Upon further growth, one-half of 
the leaflet overlapped the other and they 
became rather tightly rolled and often 
twisted. Only the lower surface of the 
leaflet was now visible. The response was 
greater with 0.02 per cent and also with 
younger leaves. If left in 0.02 per cent in- 
doleacetic acid more than 48 hours, wilt- 
ing of the leaves occurred. The stem re- 
sponded by curving, its final position in 
some cases being go° from normal. 

LINK, WILCOX, and Link (6) described 
the upward curling of bean leaves treated 
locally on either upper or lower surfaces 
with indoleacetic acid in lanolin. 


Discussion 

The results of these experiments indi- 
cate that amylolysis follows treatment of 
tissues with a growth substance, even in 
the presence of high carbohydrate sup- 
ply. Other effects accompany or precede 
the phenomenon, such as the gross re- 
sponses in leaves and stems and cytologi- 
cal changes. For this reason it would be 
premature to assign a direct effect on the 
enzyme system. Nor is it possible to ex- 
plain the inhibiting effect of indoleacetic 
acid on the digestion of starch in thin 
sections, in the present state of knowl- 
edge of the biochemical reactions of 
growth substances. 

Stomatal starch was not noticeably af- 
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fected by the growth substance. It per- 
sisted 48 hours after treating the minus- 
sucrose plants in the laboratory with 0.02 
per cent indoleacetic acid, although 
starch completely disappeared from all 
other tissues. It also remained in all cul- 
tures of thin sections, even in controls, 
which became almost free of starch after 
48 hours. Growth substances are not very 
effective in the epidermis, and the lack 
of influence on the hydrolysis of starch 
may be related to its general inactivity in 
this tissue. 
Summary 


1. Indoleacetic or B-naphthoxyacetic 
acid in lanolin brought about depletion 
of starch in tomato cuttings kept 6 days 
in darkness in a mineral nutrient con- 
taining sucrose. Similar cuttings, not 
treated, still had an abundance of starch 
after 6 days in darkness. 

2. Cuttings in media containing malt- 
ose, levulose, dextrose, or lactose in place 
of sucrose responded in the same way to 
B-naphthoxyacetic or indoleacetic acid. 
Nitrogen-deficient plants also showed a 
depletion of starch when treated with the 
growth substances. 

3. Starch was deposited in the root 
caps of primordia which resulted from 
treatment with the growth substance. 

4. Digestion of starch was inhibited in 
thin sections by aqueous solutions of 0.02 
or 0.002 per cent indoleacetic acid, while 
depletion of starch occurred rapidly in 
the controls. Lower concentrations of in- 
doleacetic acid were ineffective. On the 
other hand, 0.02 per cent indoleacetic 
acid in aqueous solution accelerated the 
hydrolysis of starch in intact stems. 
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CHLOROPLAST SUBSTANCE OF SPINACH LEAVES! 


Cc. L. COMAR? 


Introduction 


A detailed review of the structure of 
the chloroplast has been given by WEIER 
(17), who concludes: ‘The most critical 
observations indicate that the chloro- 
plast consists of a colorless stroma or 
ground substance in which small discs of 
chlorophyll-impregnated cytoplasm are 
embedded. Additional evidence indi- 
cates that under conditions which are as 
yet imperfectly understood, the struc- 
ture may vary from that noted above. 
It may appear perfectly homogeneous or 
striated.” The small green particles, 
grana, which have been observed in nor- 
mal chloroplasts, are considered to be the 
sole bearers of chlorophyll. 

Various procedures are now available 
for the isolation of intact chloroplasts 
and chloroplast substance. The latter 
term is used after MENKE (11) to desig- 
nate those chloroplast fractions in which 
the morphological structure of the chloro- 
plast has been destroyed. When leaves 
are ground in water the green suspension 
contains nuclear and cytoplasmic mate- 
rial, cell wall fragments, intact and 
broken plastids, and grana. These com- 
ponents may be separated by fractional 
centrifugation (6, 9, 10, 12) or by a com- 
bination of centrifugation and selective 
flocculation (9g, 13). The method of frac- 
tional centrifugation depends upon the 
fact that in the water extract the cell wall 
debris and unbroken cells, being heavier, 
are thrown down first, followed in order 
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by larger crystals, starch grains, coagu- 
lated cytoplasm, chloroplasts, and grana. 

The purpose of the work reported here 
was to study the chemical composition of 
chloroplast substance and thus to learn 
more of the medium which is of such im- 
portance in the photosynthetic process. 


Experimentation 


Fresh spinach leaves were used in all 
the following preparations. 

PREPARATION 1.—This sample was 
prepared by fractional centrifugation as 
described by MomMMAERTs (12). Washed 
leaves were ground in distilled water to 
which a small amount of calcium car- 
bonate was added. The crude press juice 
was centrifuged for 30 minutes at about 
3700 r.p.m. The supernatant liquid was 
decanted and recentrifuged for go min- 
utes at the same speed. The chloroplast 
substance was removed mechanically 
from the impurities, which appeared as a 
whitish zone in the lowest portion of the 
sediment, stirred in distilled water, and 
recentrifuged under the same conditions. 
This process was repeated twice. 

PREPARATION 2.—The method of 
NEISH (13) was followed. The leaves 
were washed in distilled water, sliced 
with scissors, and ground in a porcelain 
mortar. The pulp was filtered through 
cheesecloth, and the filtrate centrifuged 
for about 10 minutes at 2000 r.p.m. The 
supernatant liquid was decanted into a 
1-liter cylinder up to the g5o-ml. mark, 
50 ml. of 2M CaCl, added, and the solu- 
tion mixed. After 30 minutes, floccula- 
tion had occurred and 800 ml. of the 
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supernatant liquid was siphoned off. The 
remaining solution was centrifuged. The 
sediment was composed mainly of a 
white material covered with a thin layer 
of the green chloroplast substance. The 
white material was presumably floccu- 
lated cytoplasmic protein. The chloro- 
plast substance was removed with a rub- 
ber policeman, triturated into distilled 
water, and recentrifuged. This process 
was repeated twice. 

PREPARATION 3.—Freezing apparent- 
ly decreased the solubility of the chloro- 
plast substance. In solutions which had 
been frozen, this substance was almost 
completely thrown down by centrifuga- 
tion in a few minutes at 3700 r.p.m.; 
ordinarily it takes 2-3 hours to throw 
down a small fraction at this speed. 

This technique would facilitate the 
preparation and avoid the use of salts or 
other flocculating agents. However, it 
should first be demonstrated that the 
material thus obtained was at least as 
uncontaminated, particularly with re- 
gard to cytoplasmic proteins, as was that 
prepared by other methods. To deter- 
mine this point three fractions were pre- 
pared: 


Preparation 3A... .Isolated by the usual meth- 
od of centrifugation. 

Preparation 3B....Isolated by centrifugation 
after storage at about 
—25° C. over-night. 

Preparation 3C....Part of preparation 3B re- 
dispersed in distilled water 
and recentrifuged. 


PREPARATIONS 5 AND 6.—These sam- 
ples were prepared by fractional centrif- 
ugation. Details of procedure found to 
be convenient are as follows: 

The leaves are washed thoroughly 
with distilled water and disintegrated in 
the Waring Blendor (5), in the presence 
of distilled water to which a small amount 
of calcium carbonate has been added; a 
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minimum amount of water is used. The 
mixture is filtered through paper and the 
filtrate centrifuged for 30 minutes at 
about 3000 r.p.m. The residue is dis- 
carded and the supernatant liquid cen- 
trifuged at 3500-4000 r.p.m. for 23-3 
hours. The chloroplast substance is 
separated mechanically from any im- 
purities (which may be noted as a white 
zone in the sediment), dispersed in dis- 
tilled water, and recentrifuged. This pro- 
cedure is repeated if further impurities 
are observed. 

METHODS OF ANALYSIS.—The sedi- 
mented chloroplast substance is dried 
under vacuum (20) directly in the cen- 
trifuge tube and is kept ice-cold at all 
times. The dried material is powdered 
in an agate mortar and is then in a suit- 
able form for chemical analysis. 

Liromw.—This term is used here to 
designate the fraction extracted by ether 
and alcohol-ether mixtures. The follow- 
ing method, based on that of MENKE 
(10), was developed and found to give re- 
producible results. 

The apparatus consists of an alundum 
crucible suspended from the condenser of 
an all-glass Soxhlet extractor. The clean 
crucible is extracted with ether for 1-2 
hours, dried under vacuum for about 12 
hours, and weighed immediately on a 
micro-balance. (This process was re- 
peated and the second weight obtained 
never differed from the first by more than 
0.1 mg., which was sufficiently accurate 
since the samples averaged about 300 
mg.) The sample is placed in the tared 
crucible, dried under vacuum, and the 
weight determined as before. The sam- 
ple is extracted for 48 hours with freshly 
distilled ether, then for 48 hours with an 
alcohol-ether (3: 1) mixture, and finally for 
48 hours with ether again. The crucible 
is placed in vacuum for about 12 hours 
and then weighed in the usual manner. 
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NITROGEN.— Previous experiments in- 
dicated certain advantages in using the 
micro-Dumas rather than the micro- 
K jeldahl method for the determination of 
nitrogen in the chloroplast substance. 
The apparatus was set up and the de- 
terminations performed after the method 
of NrEDERL and NIEDERL (14). Dry ice 
was used as a source of carbon dioxide 
and was found entirely satisfactory. 

Asu.—The determination of ash was 
carried out on the lipoid-free material ac- 
cording to the method of Prect (15), 
using a platinum crucible with lid. 

CHLOROPHYLL.— Total chlorophyll and 
percentage component composition were 
determined spectroscopically (3, 4). In 
the case of preparation 5 the determina- 
tion was made on the dry powdered ma- 
terial. In sample 6 the moist chloroplast 
substance was extracted directly after 
sedimentation, and the values corrected 
for moisture content. 


Results 

Table 1 presents the analytical values 
obtained for the various preparations. 
The results are calculated as percentages 
by weight of the dry chloroplast sub- 
stance. Table 2 contains the nitrogen 
distribution of three preparations. Com- 
parison with values obtained by other 
workers is found in table 3 

The chloroplast substance yielded a 
fairly large amount of acid-insoluble hu- 
min when hydrolyzed with hydrochloric 
acid, indicating the probable presence of 
carbohydrates and tryptophane. The 
following qualitative tests were per- 
formed on the chloroplast substance. 

XANTHOPROTEIC.—This test was posi- 
tive, indicating the presence of a phenyl 
group which may be easily nitrated. Ty- 
rosine and tryptophane give this test 
readily, while phenylalanine does not 
usually give a positive reaction when 
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nitric acid alone is used, as was the case 
here. 
TABLE 1 


COMPOSITION OF CHLOROPLAST SUBSTANCE 
FROM SPINACH LEAVES 


PERCENTAGE 


PREPA- 


PROTEIN 
PROTEIN ‘Livow 
Lipoiw (%= AsH | CHLOROPHYLL 
N X6.25) 
I 52.5 8.7 1 63 
2 22.5 53.8 7-3 2.39 
3A 30.3 55.3 6.2 1.83 
3B 27.5 56.8 4.6 2.00 
36 27.9 60.7 29 
5 36.2 57-5 5.27(65.7%a)|} 1.50 
6 30.7 2.2 5.00(67.6%a)| 1.42 
| 
TABLE 2 
NITROGEN DISTRIBUTION IN 
CHLOROPLAST SUBSTANCE 
PERCENTAGE NITROGEN 
| Lipow 
| rract- | ep ma- | Toran | CHLORO- 
UNEX- | ED MA- | TERIAL ls 
| ED MA ON RECTING | (GM. PER 
TERIAL | LIPOID- FOR 
FREE LIPOID | TION 
BASIS CON- | 
TENT | 
2 9.77 8 60 11.98 | 1.17 
3A 9.92 12.69 | 8.85 11.06 | 1.07 
3B 10 18 12.54 9.10 10.52 | 1.08 
TABLE 3 


PROTEIN-LIPOID RATIO OF CHLOROPLAST 
SUBSTANCE: COMPARISON WITH 
VALUES OF OTHER WORKERS 


PLAN PROTEIN 
INVESTIGATOR LANT MATERIAL oe 
Metke (10)... Spinach 
Chibnall (2) Spinach | 1.58 
Neish (13). .... | Trifolium pratense | 2.30 
Comar........, Spinach (preparations 1.62 
| _ 1, 3A, 5, 6) 
Comar........,| Spinach (preparations | 2.21 
2, 3B, 3C) 


MILLoN.—This test was positive, in- 
dicating the presence of tyrosine. 

EHRLICH’S DIMETHYLAMINOBENZALDE- 
HYDE.—This test was positive, indicating 
the presence of tryptophane. 
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LEAD ACETATE.—The presence of only 
a slight amount of loosely bound sulphur 
was indicated. 

CARBOHYDRATE.— There was evidence 
that the chloroplast substance contained 
some carbohydrate material, but reduc- 
ing activity and the presence of pentoses 
were not demonstrable, even after hy- 
drolysis or disruption of the pigment- 
complex by organic solvents. The fol- 
lowing tests were negative: Fehling’s, 
Benedict’s, picric acid, Bial’s, and Seli- 
wanoff’s. 


Discussion 


MENKE (g) has shown that the cyto- 
plasmic fraction of the typical green 
plant cell contains about 97 per cent pro- 
tein and only a trace of lipoid. It follows, 
therefore, that contamination of the 
chloroplast substance with cytoplasmic 
material will cause the analysis of the 
former to show low lipoid and high pro- 
tein values. 

Suspensions of cytoplasmic substance, 
which is designated as a soluble protein 
fraction, are very labile, and GRANICK 
(7) noted that they may sometimes be 
flocculated by the presence of even mi- 
nute quantities of neutral salts. This is 
substantiated by the high protein-lipoid 
ratio of preparation 2. It is also evident 
from preparations 3B and 3C that the 
cytoplasmic protein is sensitive to freez- 
ing. Anson (1) has recently confirmed 
the decrease in solubility of chloroplast 
proteins as a result of exposure to freez- 
ing. 

Some workers consider chloroplast 
substance, prepared by the methods out- 
lined, to be identical with preparations 
of grana. This is not justifiable until it 
can be shown that the chloroplast prepa- 
ration contains little or no cytoplasmic 
protein. It may also be noted that if 
these various preparations do represent 
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the grana, they should have a higher 
chlorophyll content than have prepara- 
tions of intact chloroplasts. MENKE (11) 
found that his preparations of intact 
chloroplasts had a higher chlorophyll and 
lipoid content than had his chloroplast 
substance. The work reported here can 
offer no information on this problem, 
since preparations of intact chloroplasts 
were not studied. The composition of the 
chloroplast substance has been charac- 
terized, however, and a parallel study 
on intact chloroplasts, using the preced- 
ing methods, should answer the ques- 
tion. 

For purposes of comparison, the sim- 
ple protein-lipoid ratio is used, since this 
avoids taking into account the varying 
amounts of ash and unidéntified prod- 
ucts present due to the different prepara- 
tive procedures. Preparations 2, 3B, and 
3C show high ratios, which indicate con- 
tamination with cytoplasmic proteins. 
Thus it appears that flocculation with 
calcium chloride or freezing should be 
avoided under the conditions used in 
these preparations. 

The chloroplast substance contains 
about 54 per cent protein, assuming these 
proteins to contain 16 per cent nitrogen. 
The lipoid fraction contains about 11.2 
per cent of the total nitrogen. About 30 
per cent of the lipoid nitrogen is account- 
ed for by chlorophyll; the remainder is 
possibly phosphatide nitrogen. 

The agreement with other workers in- 
dicated in table 3 is close when it is re- 
membered that NEISH used CaCl, as a 
flocculating agent. MENKE (10, 11) 
found 5.30 to 7.90 per cent chlorophyll, 
56.4 per cent protein, and 31.9 per cent 
lipoid in his chloroplast substance iso- 
lated from spinach leaves. GRANICK (7), 
using preparations of intact chloroplasts 
from tomato leaves, found 13.2 per cent 
of the total nitrogen in the lipoid frac- 
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tion; he estimated ro per cent to be chlo- 
rophyll nitrogen and the other 3.2 per 
cent to be due to phosphatides. 

The possible stoichiometric relation 
between chlorophyll and protein has 
prompted many workers to obtain values 
for this ratio. Uncertainties in these val- 
ues may be due to impurities in the 
chloroplast protein and errors in the de- 
termination of the chlorophyll. ZscHEILE 
(18), after reviewing the literature to the 
middle of 1941, states, “It is the writer’s 
opinion that none of the numerous 
chlorophyll analyses described in the lit- 
erature can have sufficient accuracy to be 
more than very rough approximations, for 
one or both of two reasons (a) pure stand- 
ards were not available for instrument 
calibration and (b) no account of a to 
ratio variations could be taken in the 
method employed. Limitations of the 
physical technique employed have also 
been serious.” 

Mommaerts (12) found a value of 
about 5.5 parts of chlorophyll per too 
parts of protein. This low value was 
probably due chiefly to the fact that he 
assumed the ether-insoluble fraction of 
his preparation to be entirely protein. 
GRANICk’s (7) data indicated a value of 
about 27 parts of chlorophyll per roo 
parts of protein. Here again the ques- 
tion of reference standards must be raised 
in the matter of the chlorophyll deter- 
mination. MENKE (11) found a chloro- 
phyll-protein ratio of 17.2 to 100 from 
analyses of preparations of intact chloro- 
plasts from spinach leaves. He used a 
filter photometer with dried chlorophyll 
standards to estimate total chlorophyll. 

SmitH (16) recorded a chlorophyll- 
protein ratio of 16.1 to 100 for chloro- 
plast material prepared from leaves of 
Spinacia and Aspidistra. He puritied 


the material either by high speed centrit- 
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ugation or precipitation with salts. Chlo- 
rophyll was determined in aqueous digi- 
tonin solution by assuming a chloro- 
phyll a to 6 ratio of 3 to 1 and using 
MACKINNEY’S (8) values of the extinction 
coefficients for the chlorophylls in ace- 
tone or ether solutions. Protein was es- 
timated by the Kjeldahl method for ni- 
trogen and corrected for the nitrogen 
present in the chlorophyll. Some down- 
ward revision of this value may result 
from consideration of the absorption co- 
efficients of chlorophyll reported recently 
by ZSCHEILE and CoMAr (19), which are 
significantly higher than those used by 
SMITH. 

The data reported here indicate a ratio 
of g parts of chlorophyll per 100 parts 
protein in the chloroplast substance. 
MENKE (10) reported that chloroplast 
substance, having essentially the same 
chemical analysis as given here, con- 
tains about 15 per cent cytoplasmic sub- 
stance. If this correction is applied, a 
value of about 12 parts of chlorophyll per 
100 parts of protein is obtained for the 
chlorophyll protein complex. 


Summary 


1. Preparations of chloroplast sub- 
stance isolated by fractional centrifuga- 
tion showed less protein contamination 
than when flocculation with calcium 
chloride or freezing was used. 

2. The chloroplast substance of spin- 
ach leaves has been found to contain 
about 54 per cent protein (N X 6.25), 34 
per cent lipoid, 5 per cent chlorophyll, 
and 7 per cent ash. About 11 per cent of 
the total nitrogen is found in the lipoid 
fraction and less than one-third of this 
lipoid nitrogen is accounted for by chlor- 
ophyll. 
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PHYSIOLOGICAL STUDIES ON MOSSES. IV. REGENERATION 
IN PHYSCOMITRIUM TURBINATUM! 


SAMUEL L. MEYER 


(WITH SIX FIGURES) 


Introduction 


The generalization that both game- 
tophytic and sporophytic generations in 
the life cycle of many mosses exhibit re- 
markable powers of regeneration of pro- 
tonemata is now a well established fact. 
Earlier studies of regeneration in mosses 
were supplemented by the work of HEALD 
(8), who added important observations 
and at the same time surveyed the his- 
tory of the subject prior to 1898. Sub- 
sequent. investigations involving regen- 
eration in European species of mosses 
have been made by many workers (1, 2, 
3, 6, 7, 10-13, 17, 18, 19, 20, 22, 23-33). 
LA Rue (g) has noted that “little has 
been done with American species.” 

The purpose of this investigation was 
to determine the possibilities for regen- 
eration in Physcomitrium turbinatum 
(Michx.) Brid., an American species of 
the Funariaceae. Comparisons are made 
between these results and those observed 
by HEALp (8) in Funaria hygrometrica 
Hedw., a closely related species. 


Material and methods 


Plants of Physcomitrium turbinatum 
were collected from pots in the green- 
house. Benecke’s solution, as used by 
WETTSTEIN (24), served as the nutrient 
medium. Plant parts were submerged in 
the nutrient solution in Stender and 
Petri dishes, and Erlenmeyer flasks. Cul- 
tures were illuminated by the artificial 

' Contributions from the Botanical Laboratory, 
University of Tennessee, n. ser. no. 58. 
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light source previously described (14) 
and also in a northern daylight exposure 
supplemented by light from Mazda day- 
light bulbs. All tests were run for a peri- 
od of 6 weeks. Occasional comparisons 
were made with plants grown from pri- 
mary protonemata submerged in the nu- 
trient solution. 


Observations 


REGENERATION FROM GAMETO- 
PHYTIC PARTS 


Entire leaves were removed from 
stems and submerged in the nutrient so- 
lution. Heratp (8), who worked with 
Funaria only, stated that the leaves of 
that species were not ‘“‘endowed with a 
very great power of regeneration,” as 
“tan average of about one out of six leaves 
showed signs of protonemata.”’ In the 
closely related Physcomitrium, on the 
other hand, entire leaves regenerated 
readily. Of fifty leaves used, thirty-two 
developed protonemata. In only two 
cases did HEALD observe regeneration of 
protonemata from other than basal cells 
of the leaves of Funaria. In Physcomi- 
trium, although eighteen of the entire 
leaves regenerated from basal cells alone 
(fig. 1), fourteen of the leaves showed 
protonemata developed from cells other 
than those at the base (figs. 2, 3). Of the 
latter, eleven leaves showed protonemata 
from the more distal portions (fig. 2), 
while three leaves showed both basal and 
distal regeneration (fig. 3). 
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In order to determine both the effect of 
a reduction in leaf area on the develop- 
ment of protonemata and whether the 
potentialities for regeneration are re- 
stricted to a particular portion of a leaf, 
detached leaves were divided into distal 
and proximal halves. Other leaves were 
divided into distal, middle, and proximal 


No protonemata developed from the 
leaves during the experimental period of 
6 weeks. Plants with attached leaves 
from which segments were removed were 
placed in the nutrient medium. No 
protonemata developed. These observa- 
tions were comparable with those report- 
ed by HEALD for Funaria. It is of inter- 


Fics. 1-3.—Leaves of Physcomitrium turbinatum illustrating basal (fig. 1), distal (fig. 2), and both basal 


and distal regeneration (fig. 3). 


segments. There was no correlation be- 
tween the segments which developed 
filaments and the portion of the leaf. Re- 
sults clearly indicated that the tendency 
of detached leaves to regenerate is not 
confined to cells adjacent to the stem. 
Furthermore, reduction of the area of 
leaf segments to one-half or one-third 
had no well-defined influence on the re- 
generating activity of the cells. 

Entire plants with leaves attached 
were submerged in the nutrient solution. 


est to compare this reaction of leaves of 
plants from the greenhouse with that of 
leaves of plants grown from primary 
protonemata submerged in the nutrient 
solution. Not infrequently protonemata 
developed from entire attached leaves of 
such water culture plants. In no case did 
filaments develop from attached leaves of 
plants grown in the greenhouse. These 
observations indicate that separation of 
leaves from stems is necessary to initiate 
regeneration of protonemata from leaves 
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of aerial plants but is not necessary to 
initiate it from leaves of water culture 
plants. 

Stems with leaves attached and those 
from which leaves were removed were 
placed in the nutrient medium. HEALD 
observed that intact plants of Funaria 
showed “‘no production of protonemata 
and only occasionally rhizoids.’’ In 
Physcomitrium, both protonemata and 
rhizoids developed from stems of sub- 
merged uninjured plants (fig. 4) but not 
so abundantly as from defoliated stems 
(fig. 5). The latter were also character- 
ized by the production of numerous 
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development of protonemata from other 
gametophytic parts, such as archegonia, 
antheridia, paraphyses, and calyptrae. 
WETTSTEIN (24) has reported regenera- 
tion of all these structures in some spe- 
cies. As yet, sex organs, paraphyses, and 
intact calyptrae of P. turbinatum have 
shown no indications of regeneration of 
protonemata. One calyptra, injured by 
cutting, produced a filament (fig. 6). 


REGENERATION FROM SPORO- 
PHYTIC PARTS 


The production of protonemata from 
sporophytic parts in artificial culture was 


Fiss. 4-6.—Physcomitrium turbinatum: Fig. 4, regeneration of protonemata from stem of submerged 
uninjured plant. Fig. 5, same from submerged defoliated stem. Fig. 6, same from calyptra, injured by 


cutting. 


branch shoots. In fact, this tendency of 
intact stems of Physcomitrium to pro- 
duce filaments is also evident when the 
plants are grown in a humid atmosphere. 
Stems of leafy plants grown from proto- 
nemata submerged in the liquid medium 
and which have never come in direct con- 
tact with air also developed protonemata. 
This response indicates that the forma- 
tion of filaments is not simply the reac- 
tion of cells grown in air to the presence 
of an aquatic stimulus but is actually 
part of the inherent potentialities of the 
cells, whether or not they have ever been 
subjected to an aerial environment. 
Observations have been made on the 


first reported by PRINGSHEIM (15) for 
Hypnum serpens, H. cupressiforme, and 
Bryum caespiticium. Further considera- 
tion of this subject was presented by the 
same investigator later (16). STAHL (21) 
observed a similar reaction in Ceratodon 
purpureus, likewise in artificial culture. 
Brizi (4) described from nature the pro- 
duction of protonemata by the sporo- 
phyte of Funaria hygrometrica. This 
tendency of sporophyte parts to regener- 
ate has been of great value to those in- 
terested in the development of polyploid 
sexual plants. 

Setae of Physcomitrium turbinatum, of 
different degrees of maturity, were cut 
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just above the foot and below the cap- 
sule. They were then washed in distilled 
water, cut in shorter segments, and 
placed in Benecke’s solution. Young 
green setae regenerated readily; those 
that were older, only infrequently. No 
filaments were formed from any setae 
that had lost their green color. In every 
case the filaments arose from the cut 
ends of the segments and never from 
epidermal cells. This observation has 
been recorded for other species of mosses, 
and it may be of some significance, since 
CAMPBELL (5) called attention to the 
fact that the cells of the setae which give 
rise to protonemal filaments ‘“‘correspond 
in position to the sporogenous tissue of 
the capsule, and are probably homolo- 
gous with them.”” STAHL (21), however, 
reported that the cells of the capsule 
wall gave rise to protonemata, in which 
case the suggested homology would not 
hold. 
Summary 


1. Detached leaves of Physcomitrium 
turbinatum give rise to protonemata when 
placed in a nutrient solution. Develop- 
ment of protonemata is not confined to 
any particular portion of the leaf. 

2. Reduction in the amount of leaf 


tissue to one-half or one-third has no 
well-defined influence on the regenerat- 
ing activity of the cells. 

3. Attached leaves of greenhouse 
plants do not produce protonemata 
when submerged in a nutrient solution; 
those of water culture plants produce 
protonemata when submerged in a nutri- 
ent solution. 

4. Defoliation of stems accelerates 
production of protonemata and branch 
shoots. Stems of both water culture and 
greenhouse plants react to an aquatic 
stimulus by developing protonemata. 

5. A calyptra, injured by cutting, de- 
veloped protonemata, although similar 
uninjured structures failed to regenerate. 

6. Segments of young setae give rise 
to protonemata at their cut ends. 


The greater portion of this investiga- 
tion was carried on at the Miller School 
of Biology of the University of Virginia. 
The writer takes this opportunity of ex- 
pressing appreciation to Professor Ivey 
F. Lewis of that institution for helpful 
suggestions and valuable criticisms. 
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EFFECTS OF LIGHT QUALITY ON GROWTH AND 
MINERAL NUTRITION OF BEAN 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 5646 


LAWRENCE M. ROHRBAUGH 


(WITH NINE FIGURES) 


Introduction 

The effect of light quality on the 
growth of plants has been reviewed by 
BURKHOLDER (1) and by Popp and 
Brown (17). Various types of light 
sources and filters have been used, but in 
most cases the spectral regions incident 
to the plant were not known except as to 
their effect on the eye. This was espe- 
cially true in the earlier experiments. 
Likewise the intensities of the light used 
have not been well controlled, and it is 
difficult to separate the effects of differ- 
ing light quality from the effects of dif- 
fering light quantity. 

The use of fluorescent lamps as a 
source of light for growing plants has 
been reported by NAYLor and GERNER 
(14), NAYLOR (13),and FLint and More- 
LAND (4). Use of the different colors of 
fluorescent lamps which are available was 
suggested by NAYLOR (13) for the deter- 
mination of some of the effects of light 
quality on plant growth. While most of 
these colored lamps emit some light in 
nearly all parts of the visible spectrum, 
the fact that most of the energy is emit- 
ted within comparatively narrow regions 
of the spectrum makes it possible to use 
filters with them which will absorb all the 
light from certain spectral regions with- 
out losing much of the radiated energy. 
Because of their efficiency in this respect, 
fluorescent lamps were chosen as a favor- 
able source of light for the experiments 
on the effects of light quality reported in 
this paper. 
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Material and methods 


LIGHT SOURCES AND FILTERS 


Six 30-watt, 36-inch, fluorescent tubes 
were installed in metal reflectors as de- 
scribed by NAYLOR (13). Curtains made 
of double-thickness black sateen cloth 
were placed around each of the reflectors 
and extended almost to the floor. The 
inside of these curtains was painted white 
in order to increase and better equalize 
the light intensity at all points under the 
reflector. The flanges of the reflectors 
were fitted with sheet metal strips so that 
gelatin filters could be inserted in them to 
cover the entire lamp. 

To eliminate certain parts of the spec- 
trum, dyed gelatin filters were used. 
WuHitmMorE (27) has determined the 
transmission curves for many dyes, and 
three dyes were selected from this group 
which had regions of transmission and 
absorption suitable for these experiments 
and which would not fade under the 
lights. These were orange G, napthol yel- 
low, and pontamine fast turquoise blue. 

The gelatin filters were prepared in 
the following manner. Panes of window 
glass which had been cut to fit the re- 
flectors (20X46 inches) were washed and 
dried. A pane was then placed on a table 
and carefully leveled with a spirit level. 
A gelatin mixture was prepared by heat- 
ing about 75 gm. of clear gelatin and 30 
gm. of sorbitol in 800 ml. of water on a 
steambath. This approximates 130 gm. 
of gelatin and 50 gm. of sorbitol per 
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square meter of surface covered. While 
this mixture was still warm, about 300 
ml. of water containing the desired 
amount of dissolved dye was added and 
the entire mixture stirred. The amounts 
of gelatin, sorbitol, or water used are not 
critical. About «roo ml. of the liquid 
worked very well in covering the 20 X 46 
inches glass pane. The hot dyed gelatin 
mixture was cooled to about 60° C. and 
then poured on the glass plate. A glass 
rod was used to spread the gelatin to the 
sides and corners of the glass. The gela- 
tin was filtered through several thick- 
nesses of cheesecloth as it was poured in 
order to eliminate as many bubbles as 
possible. Any bubbles found on_ the 
poured filters were removed by touching 
them with the glass rod. While surface 
tension will prevent the melted gelatin 
from running over the edges of the glass 
if it does not become too deep and if 
strong currents are avoided, it was found 
that rubbing a piece of paraffin along the 
edges of the glass made accidents less 
frequent at this point. The filters should 
not be moved until thoroughly cooled. 
When dry, they were inserted in the re- 
flectors, with the gelatin side down. 

The orange G filter was prepared to 
contain 4 gm. of orange G (Dupont) per 
square meter. This filter transmitted no 
light of wave length shorter than 5300 A. 
The napthol yellow filter contained 5 gm. 
of napthol yellow (Coleman and Bell) 
per square meter and transmitted no 
light of wave length shorter than 4850 A. 
Two turquoise blue filters were used. 
One contained 4 gm. of pontamine fast 
turquoise blue (Dupont) per square 
meter and transmitted no light with 
wave length greater than 5750A and 
only 0.5 per cent of the incident light at 
5650 A. The other contained 2 gm. of the 
dye per square meter and transmitted 
some light of longer wave length. The 
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transmission curves for these filters were 
determined with a Keuffel and Esser 
spectrophotometer (fig. 1). The quality 
of light reaching the plants is indicated 
by the spectrograms in figure 2. These 
spectrograms were made by using a small 
spectroscope with a camera. The film 
used was Eastman Panatomic X, and the 
time of exposure was equal in all cases. 
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Fic. 1.—Transmission of light by dyed gelatin 
filters: TB-2, turquoise blue, 2 gm. per sq. m.; TB-4, 
turquoise blue, 4 gm. per sq. cm.; NY, napthol yel- 
low, 5 gm. per sq. cm.; OG, orange G, 4 gm. per 
sq. cm. 


The spectroscope was placed at varying 
distances from the different lamps, so 
that the incident energy at the spectro- 
scope was equal for all the lamps. Be- 
cause of the nature of the spectroscope, 
it is doubtful whether bands in the ultra- 
violet would have reached the film, even 
if they had been present in the incident 
light. Each of the lamps was fitted either 
with a gelatin filter or with a pane of win- 
dow glass at the time the spectrograms 
were made. These spectrograms present 
a much more accurate measure of the 
quality of light emitted by the various 
colors of fluorescent tubes than is pre- 
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Fic. 2.—Spectrograms of light emitted by different colored fluorescent lamps with window glass and dyed 
gelatin filters: R, red without filter; Pog, pink with orange G filter; GDw, gold with window glass; Pw, pink 
with window glass; Dw, daylight (fluorescent) with window glass; Gy, green with napthol yellow filter; Gw, 
green with window glass; Bw, blue with window glass; B-Gb, blue and green with turquoise blue filter; Bb, 
blue with turquoise blue filter. 
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sented in the curves prepared by the 
manufacturer. Most of the energy is 
emitted in a series of very narrow bands 
of the spectrum and not in a broad band 
with gradual decreasing energy at either 
end, as represented by the manufac- 
turer’s curves. 


MEASUREMENT OF RADIANT ENERGY 


The total energy incident to a surface 
at the level of the plants was measured 
with a thermopile which had been cali- 
brated with a standard lamp obtained 
from the United States Bureau of Stand- 
ards," and the distance from the lamps to 
the plants was varied so that the incident 
energy was approximately equal in all 
cases. The thermopile was connected 
with a balancing circuit, and a galvanom- 
eter was used as a null point indicator. 
A microammeter in the balancing circuit 
measured the amount of current needed 
to balance the thermopile current and 
provided a means of comparison with the 
standard lamp. The light intensities 
were also measured with a Weston foot- 
candle meter. As the plants grew it be- 
came more difficult to maintain equal in- 
cident energy values, since the plants no 
longer presented a single plane of sur- 
faces for the reception of light but rather 
a series of surfaces from the top of the 
plant down almost to the pot level. Equal 
energies at the pot level or at the top of 
the plant would be meaningless since the 
light sources were at widely varying dis- 
tances. Therefore an attempt was made 
to estimate the average level of the plant 
surfaces, and the distances of the lamps 
were adjusted to produce equal incident 
energy at those levels. 

' The thermopile was arranged and calibrated by 


Mr. R. A. Wuitmore, who also assisted in some of 
the measurements of light energy. 
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CULTURE OF PLANTS 


Red kidney bean (Phaseolus vulgaris) 
plants were grown in quartz sand in 
glazed crocks. Five seeds were planted 
in each crock, and three rows of seven or 
eight crocks each were placed under each 
reflector. After development of the pri- 
mary leaves, the plants were thinned to 
two uniform seedlings per crock. The 
positions of the three rows were changed 
each week in order to minimize the effects 
of different light intensities which may 
have existed between the center and out- 
side positions. 

Although the seeds were treated with 
dry Semesan before planting, many of 
the seedlings were lost because of in- 
fection with damping-off fungus. In the 
first two experiments the infected seed- 
lings were replaced by transplanting 
ones of the same age which had been 
germinated in sand. In the later experi- 
ments, the crocks were kept in a dark- 
room in which the temperature was 
about 80° F. and the humidity low for 
several days after the seeds were planted. 
As soon as the first seedlings appeared 
above the surface of the sand, all the 
crocks were placed under the lights. 
This procedure apparently prevented 
activity of the fungus. 

The plants were grown in a basement 
room, where the temperature was rather 
constant from day to day but varied 
from about 68° F. in winter to about 
75° F. in summer. The temperature un- 
der the lamps was somewhat higher than 
this and not entirely the same under the 
different lamps. Thus on May 5 the 
temperatures under the various lamps 
were: pink with filter, 27.8°C.; gold, 
28.9 C.; pink without filter, 27.0° C.; 
daylight, 26.8°C.; green with filter, 


27.8° C.; green without filter, 27.8° C.; 
blue without filter, 27.1° C.; blue-green 


hy 


P 
d 
le 
I 
fi 
a 
7 
V 
C 
i 


104 
wi 
28 
: | ho 
th 
| nu 
mi 
| n 
fi 
: d 
Si 

3 


ER 


1942] 


with filter, 29.3° C.; and blue with filter, 
28.4 C. 

The plants were grown on cycles of 20 
hours of light and 4 hours of dark in all 
the experiments. The composition of the 
nutrient solutions used is given in table 1. 
These solutions were applied as often as 
required to keep the top of the sand 
moist. 


MEASUREMENTS AND CHEMICAL 
ANALYSIS 


When harvested, the lengths of the 
hypocotyl and stem, the number of inter- 
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complete nutrient solution in experi- 
ments 2 and 3. Semi-micro methods were 
used. 

The dried tissue was ground in a 
micro-Wiley mill until it passed a 50- 
mesh screen. The powdered material was 
then dried to constant weight. Dupli- 
cate 0.5-gm. samples were weighed out 
and ashed in a muffle at 600°C. for 2 
hours. After the weight of the ash had 
been determined, it was dissolved in 1:5 
HCl, transferred to a 100-ml. volumetric 
flask, and made to volume with water. 
Aliquots were then taken for the deter- 


TABLE 1 


COMPOSITION OF NUTRIENT SOLUTIONS* 


AMOUNT OF M/2 STOCK SOLUTION PER LITER OF SOLUTION (ML.) 


SOLUTION | | | 
| Ca(NOs)2 | KH.PO, NaH.PO, KCL McSO, | Na,SO, 
Low .| 12 | 1.0 4.0 
Low Mg..... 12 3.0 6.0 0.4 «| 3.6 
Minus Mg......... 12 3.0 ° 


* Micronutrients were also added to make the following concentrations: 0.5 p.p.m. of boron as NaaB,O;, 0.5 
p.p.m. of zinc as ZnCl, 0.5 p.p.m. of iron as ferric citrate, and 0.125 p.p.m. of copper as CuCh. 


nodes, the number of flower buds, and the 
fresh weight of leaves and stems were 
determined. The roots were washed in 
salt water to free them of sand. The 
plants were dried at 80° C. in a forced- 
draft gas oven, and the dry weights of 
leaves, stems, and roots were determined. 
In later experiments the lengths of the 
first and second internodes and the aver- 
age area of the leaflets were determined. 
The area of from thirty to eighty leaflets 
was measured by the photoelectric de- 
vice described by MitcHEeLt (12). No 
obviously juvenile leaves were included 
in these measurements. 

The amounts of total ash, calcium, 
magnesium, potassium, and phosphorus 
were determined for the plants grown on 


mination of calcium, magnesium, potas- 
sium, and phosphorus. 

Calcium was precipitated as the oxa- 
late, as described by KRAMER and TiIs- 
DALL (g), and separated by centrifuga- 
tion. Determination was made by titra- 
tion with 0.01 normal potassium perman- 
ganate, using an electrometric titration 
assembly similar to that described by 
KASSNER, HunzE, and CHATFIELD (8). 

Magnesium was precipitated and sepa- 
rated from the supernatant liquid from 
the calcium determination according to 
the method of KRAMER and TISDALL (9), 
as modified by Hammett and Apams (6), 
and was determined colorimetrically as 
described by WALL (23). The method of 
separation of calcium and magnesium 
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described by WALL was found to be satis- 
factory for the calcium, but it was not 
reliable for the small quantities of mag- 
nesium present in these tissues. 

Potassium was precipitated as the 
cobaltinitrite and determination made 
colorimetrically on the basis of the color 
produced by the reaction of cobalt with 
Nitroso-R salt as described by SIDERIS 
(21). 

Phosphorus was determined colori- 
metrically by the method described by 
WALL (23). All colorimetric determina- 
tions were made with a Keuffel and 
Esser spectrophotometer. 


Experimentation 


Red, gold, pink, daylight, green, and 
blue fluorescent tubes were used in ex- 
periment 1. Each reflector was fitted 
with different colored tubes. No window 
glass or filters were used under the re- 
flectors in this experiment. The incident 
energy at the level of the plants was 2431 
microwatts/sq. cm., or 581 X10~° gm. 
cal./sq. cm./sec. Measured in foot-can- 
dles, the intensity varied from 158 under 
the red to 460 under the gold. 

The crocks under each reflector were 
divided into four groups, receiving com- 
plete, low magnesium, low potassium, 
and low phosphorus nutrient solutions. 
Because of the damping-off fungus which 
attacked the hypocotyls of the seedlings, 
most of the plants had to be replaced 
with ones transplanted from large germi- 
nation crocks. 

Eight reflectors were used in the 
second experiment. Two were fitted with 
pink tubes, two with green, two with 
blue, one with gold, and one with day- 
light. Under one set of the pink tubes was 
placed an orange G filter; under one set 
of the green tubes was placed a napthol 
yellow filter; and under one set of the 
blue tubes was placed a turquoise blue 
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filter (4 gm. per sq. m.). Ordinary win- 
dow glass was placed under all the other 
reflectors. The lamps were adjusted to 
give 1750 microwatts/sq. cm., or 418X 
10~° gm. cal./sq. cm./sec., at the level of 
the plants. The intensity as measured 
with the Weston foot-candle meter 
varied from 270 foot-candles under the 
pink with filter to 360 foot-candles under 
the green with filter. 

The damping-off fungus again necessi- 
tated using transplanted plants in most 
cases. The plants grown under each re- 
flector were divided into three groups, 
one being watered with complete nutri- 
ent solution, one with low phosphorus 
solution, and one with minus phosphorus 
solution. 

For experiment 3 the eight reflectors 
used in experiment 2 were again em- 
ployed, and in addition a ninth reflector 
was used which was fitted with four blue 
tubes and two green tubes and a gelatin 
filter made with 2 gm. of turquoise blue 
per sq. m. The light intensities were ad- 
justed as in experiment 2. Twenty-four 
crocks were placed under each reflector. 
These were divided into four groups of 
six crocks each. Three of these groups 
were given the three different levels of 
phosphorus nutrition used in experiment 
2. The crocks of the fourth group were 
watered with complete nutrient solution, 
except for iron, which was supplied in 
amounts varying from none to 5 p.p.m. 

In experiment 4 the nine reflectors of 
experiment 3 were again used with the 
same tubes and filters. The incident 
energy at the level of the plants in this 
experiment was 1314 microwatts/sq. 
cm., or 314X10~° gm. cal./sq. cm./sec. 
Two-thirds of the plants were watered 
with complete nutrient solution and one- 
third with minus magnesium solution. 

The same lamps and filters were again 
used in experiment 5. Some of the re- 
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flectors were repainted before beginning 
this experiment in order to raise the in- 
tensity of the light. The incident energy 
at the level of the plants was 1705 micro- 
watts/sq. cm., or 408 X10~° gm. cal./sq. 
cm./sec. The plants were divided into 
two groups, which were watered with 
complete and minus magnesium nutrient 
solutions as in experiment 4. 


Results 


The plants grown in experiment 4 were 
harvested 31 days after planting, which 
was soon after the first flower buds be- 
came visible. In the other experiments 
the plants were harvested 39-51 days 
after planting, which was soon after 
flowering had started. 

In all cases except experiment 4, 
visible flower buds appeared on plants 
grown under green light earlier than on 
plants grown under any of the other 
lamps. In experiment 4 flower buds ap- 
peared at approximately the same time 
on plants grown under all the lamps 
except the blue without the filter. Plants 
grown under this lamp did not have 
visible buds at the time of harvesting. 
Many of the flower buds which appeared 
on the plants grown under the green 
lights abscissed before the plants were 
harvested, so that the number of flower 
buds present at the time the plants were 
harvested was sometimes greater on the 
plants grown under the daylight and 
blue tubes without the filter. 

The plants grown under the red tubes 
in experiment 1 were very unthrifty. 
They had short internodes and small and 
wrinkled leaflets. Since about one-half of 
these plants died before harvesting, it is 
possible that some other factor may have 
resulted in their poor growth, and com- 
parison of these plants with those grown 
under the other lamps may not be valid. 

Many of the plants grown under the 


gold, pink with filter, and green with 
filter became chlorotic toward the tops. 
Some of the younger leaves appeared en- 
tirely lacking in both chlorophyll and 
carotenoid pigments. This condition was 
not noticed in any of the plants which re- 
ceived energy from the blue end of the 
spectrum. The chlorosis was apparently 
unrelated to the amount of iron supplied 
to the plants, because it appeared equal- 
ly severe in the plants given the differ- 
ent concentrations of iron in experiment 


Table 2 summarizes the data obtained 
from experiment 5. Some of the data for 
the other experiments are shown in 
figures 3-7. 

The lengths of the hypocotyls and 
internodes of plants grown under the dif- 
ferent lamps are shown in figure 3. The 
shortest hypocotyls and first internodes 
were found on plants grown under day- 
light and blue tubes without filters other 
than window glass. The spectrograms of 
figure 2 indicate that both of these lamps 
emit light from nearly all regions of the 
visible spectrum, but that the percentage 
of the total energy emitted in the orange- 
red region is very low in the blue tubes 
while rather high in the daylight tubes. 
The effect on the growth of the plants 
was much the same under the two lamps. 

Plants grown under the blue tubes 
with the turquoise blue filter received no 
light with wave length longer than 
5800 A and very little with wave length 
longer than 5600 A. Plants grown under 
this lamp produced longer hypocotyls 
and first internodes than were produced 
under any of the other lamps. The green 
tubes emit considerable energy in the 
blue line and some in the violet line of 
the mercury arc, but emit very little in 
the region above 6000 A. Plants grown 
under these tubes produced much shorter 
hypocotyls and first internodes than were 
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HYPOCOTYLS, EXP, 3 


HYPOCOTYLS, EXP, 4 


—-— HYPOCOTYLS, ExP, 5 — — FIRST INTERNODES, ExP, 4 

—--—— FIRST INTERNODES, EXP, 5 
Pf GOLD P DAY Gf G 8 B-Gf Bf 


LIGHT SOURCE 


Fic. 3.—Average length of hypocotyls and first internodes of bean plants grown under different colored 
fluorescent lamps: Pf, pink with filter; Gold, gold without filter; P, pink without filter; Day, daylight (fluo- 
rescent) without filter; Gf, green with filter; G, green without filter; B, blue without filter; B-Gf, blue and 
green with filter; Bf, blue with filter. 
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Fic. 4.—Average area of leaflets of bean plants grown under different colored fluorescent lamps: Pf, pink 
with filter; Gold, gold without filter; P, pink without filter; Day, daylight (fluorescent) without filter; Gf, 
green with filter; G, green without filter; B, blue without filter; B-Gf, blue and green with filter; Bf, blue 
with filter. 
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AVERAGE DRY WEIGHT IN MILLIGRAMS 


200 


Pf GOLD P DAY Gf G 8 B-Gf Bf 
LIGHT SOURCE 


Fic. 5.—Average dry weights of bean plants grown on complete, low phosphorus, and minus phosphorus 
solutions under different colored fluorescent lamps; experiment 2: Pf, pink with filter; Gold, gold without 
filter; P, pink without filter; Day, daylight (fluorescent) without filter; Gf, green with filter; G, green with- 
out filter; B, blue without filter; B-Gf, blue and green with filter; Bf, blue with filter. 
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‘nk Fic. 6.—Average dry weights of bean plants grown on complete, low phosphorus, and minus phosphorus 
Gf solutions under different colored fluorescent lamps; experiment 3: Pf, pink with filter; Gold, gold without 
es filter; P, pink without filter; Day, daylight (fluorescent) without filter; Gf, green with filter; G, green without 


filter; B, blue without filter; B-Gf, blue and green with filter; Bf, blue with filter. 
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produced under the blue tubes with the 
filter but longer ones than were produced 
under the blue without the filter or under 
the gold, daylight, or pink tubes. In 
these cases red light was apparently 
much more effective in inhibiting growth 
in length of plants than was blue light. 
This was also indicated by the very short 
stems produced under the red tubes in 
experiment 1. The average length of the 
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napthol yellow filter, the lengths of the 
hypocotyls and first internodes became 
almost as great as were obtained under 
the blue tubes with the filter. Also the 
hypocotyls and first internodes produced 
under the pink tubes with the orange G 
filter and under the gold tubes—neither 
of which emitted light of shorter wave 
length than about 4900 A and very little 
shorter than 5200 A—were longer than 
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Fic. 7.—Average dry weights of bean plants grown on complete and minus magnesium solutions under 


different colored fluorescent lamps: Pf, pink with filter; Gold, gold without filter; P, pink without filter; 
Day, daylight (fluorescent) without filter; Gf, green with filter; G, green without filter; B, blue without filter; 


B-Gf, blue and green with filter; Bf, blue with filter. 


internodes produced by these plants 
was 1.9 cm., while the average length of 
the internodes produced by the plants 
grown under the gold tubes in the same 
experiment was 4.3 cm., and plants 
grown under the other lights produced 
still longer internodes. About half the 
plants grown under the red tubes had 
died by the end of the experiment, how- 
ever, and it is possible that some condi- 
tion other than red light caused the 
short stems. 

When the blue and violet light of the 
green tubes was absorbed by use of the 


those produced by plants subjected to 
the more balanced radiations of the 
daylight, blue, or pink tubes without 
filters. In these cases the blue end of 
the spectrum may have been somewhat 
effective in inhibiting stem elongation. 
The lengths of the upper internodes 
did not seem to be affected by the differ- 
ent lamps in the same way as were the 
hypocotyls and lower internodes. Plants 
with long hypocotyls and first internodes 
tended to have shorter upper internodes 
than did those which had shorter hypo- 


cotyls and first internodes. 
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The average areas of the leaflets of the 
plants grown under the different lamps 
are shown in figure 4. The effect of the 
light quality on leaf area seems to be 
somewhat the opposite of the effect on 
elongation of stems. The largest leaves 
developed under the well-balanced light 
of the daylight and blue tubes without 


not measured. They were probably 
smaller than those produced under any 
of the other lamps during that experi- 
ment. As already mentioned, it may not 
be safe to draw conclusions regarding the 
plants grown under the red tubes because 
of their very poor growth. But the leaf 
areas of the plants grown under the red 


TABLE 2 


NUMBER OF FLOWER BUDS, AREA OF LEAFLETS, LENGTHS, WEIGHTS, AND TOP/ROOT RATIOS OF 
BEAN PLANTS GROWN WITH COMPLETE AND MINUS MAGNESIUM NUTRITION UNDER 


AVER 
| AVER-| AGE 
| AGE NO. AREA OF | 
LicHt or | LEAr- Hypo-| First | * 
FLOWER! LETS | coT- | STEMS|INTER-| 
| (sQ. | YLS | (cM.) | NODES). 
cM.) (cM.) | cM.) 
Pfi*..| Complete | 28 0.18 | 18.7 | 7.20 | 36.1 | 5.55 
—Mg| 13 6 96 | 39.8 | 5.77 
Gold. Complete 25 0.80} 16.9 8.30! 41.6 | 5.80 
—Mg| 15 | 0.47 8.63 | 40.5 | 5 
| Complete 25 0.44 23.9 | 7.20 | 42.3 | 4.3 
—Mg | 15 0.20 4.80 
Day .| Complete | 23 1.04 | 30.3 | 7.28] 41.0 | 4.26 
16 °.56 | 7.44 | 30.3 | 3.84 
Gf... Complete 25 2.16 9° | 9.90 | 32.2] 6 
—Mg 14 3.50 9.57 | 33.4] 6 
G.. Complete | 25 2.96 13.4 | 7-86 | 36.4] 5 
—Mg 12 2.58 17 | 35-515 
B.... Complete 20 0° 50 27.2 | 6.83 | 43.4 | 4.: 
—-Mg| 14 0.71 6.46 | 42.9 | 4.61 
| | 
B-Gf. Complete | 25 0.04] 12.5 | 9.94 | 42.1 | 8.88 
—Mg 13 0.00 |. .| 9.96 | 38.8 | 8.5 
Bf... Complete 22 1.23 18.1 10.48 1 | 7.89 | 
—Mg 12 1.17 10.21 | 50.1 | 7.92 | 


* Pf, pink with filter; Gold, pare without filter; P, pink without filter; Day, daylight fluorescent without Ghaews 
filter; G, green without filter; B, blue without filter; B-G f, blue-green with filter; and Bf, blue with filter. 


filters. The smallest developed under the 
green tubes with the filter. If only those 
lights are considered which emitted quite 
narrow regions of the spectrum (pink 
with filter, gold, green with filter, blue- 
green with filter, and blue with filter), 
then the largest leaves developed under 
the red end of the spectrum, the next 
largest under the blue end, and the 
smallest under the green region. The 
areas of the leaves of the plants grown 
under the red tubes in experiment 1 were 


AVERAGE LENGTHS 


DIFFERENT CONDITIONS OF LIGHT QUALITY: EXPERIMENT 5 


| 
| AVERAGE WEIGHTS PER PLANT 


| | LEAVES Top/Root 


| STEMS 
NODES! NODES! FRESH Dry | Dry | Dry | 
Cem.) | | (Gat.) | (GM.) | (Gm.) | (GM.) | 

| s 6.10 | 2.21 | 0.166 1.46 | 0.117] 0.062 4.50 
| 6.23 259} 2.58 | $94 
| 


lo 0.064) 4.84 
©.123| 0.059} 


146) 0.072 5 64 


80 | 6.99 | 2.91 | 135) 0.080, 3.33 
5.83 | 6.93 | 3.88 | 0.344] 1.70 | 0.160] 0.075, 6.72 
5.37 | 6.69 | 3.44 | 1.76 | 0.159] 0.076) 5 


| 
6.48 | 5.87 | 1.27 | 0.107| 1.40 | 0.102] 0.050 1.18 
6.96 | 6.24 | 1.66 3.78 
| 
6.20 | 6.32 | 1 85 | 0.140} 1.30 | 0.104) 0.053 4.60 
| 5.96 | 6.09 | 1.86 | 0.143] 1.33 | ° 106) 0.063! 3.95 
| | 
| 6.35 | 7.11 | 3.64 | 0.331] 1.73 | 0.155] 0.067] 7.25 
| 6.68 | 7.23 | 4.38 0.385) 1.74 | 0.164) 0.082 6.70 
| 
| 
7.98 41 | 1.56 | 0.134) 1.67 | ©.120| 0.060 4.23 
7-73 | 7.18 | 1.52 | 0.131) 1.66 0.122] 0.058 4.36 
| 9.41 | 8.86 | 2.39 | 0.21 1.97 | 0 165| 0.060 6.28 
8.88 | 8.71 | 2.37 | 0.218) 2.00 | 0.163} 0.068 5.60 


| | 


if, green with 


tubes appear to be an exception to the 
general tendency for larger leaves under 
the red end of the spectrum. 

No detectable deficiency symptoms 
developed in the plants grown on low or 
minus phosphorus or on minus mag- 
nesium solutions during these experi- 
ments. A comparison of the dry weights 
produced by the plants grown under the 
different conditions of nutrition and light 
quality is shown in figures 5~7. While in 
many cases the dry weight produced by 
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plants grown on complete nutrient solu- analyses are shown in tables 3 and 4. h 
tion was greater than that produced by While the amount of ash, expressed as ~ 
plants grown on the solutions deficient percentage dry weight, did vary some- 
in phosphorus or magnesium, in many what among plants grown under the “i 
cases the opposite condition was found. different lights, the direction of variance (f 
It is probable that the number of plants was not the same in the two experiments fc 
TABLE 3 
AMOUNT OF TOTAL ASH, CALCIUM. MAGNESIUM, POTASSIUM, AND PHOSPHORUS IN LEAVES, STEMS 
AND TOPS OF BEAN PLANTS GROWN UNDER DIFFERENT CONDITIONS OF 
LIGHT QUALITY: EXPERIMENT 2 
| 
AsH CaALcIuM MAGNESIUM Potassium | PHOSPHORUS 
> | 
Licut PER- MILLI- Per- | | Per- | | I 
TISSUE Prr- PErR- PER- | Per- | 
CEN TAGE GRAMS CEN TAGE CENTAGE " _.. | CENTAGE 5 | CENTAGE T 
3 2 CENTAGE RY CENTAGE DRY CENTAGE DRY CENTAGE | DRY 
| WEIGHT PLANT WEIGHT | WEIGHT WEIGHT | | WEIGHT 
Pf* 13.1 15.8 2.03 | 2.03 ©. 26 38:2 4.89 | 5.19 | 0.67 
Gold 16.6 | 16.9] 14.5 | 2.11 r.79 | ©.26 | | | | 
13.6 19.8 1.64 1.09 | 0.15 42.0 | 
Day. 16.5 13 0226 42.1 5.15 4.99 | 0.61 
Gf 14.0 13.6 13.6 | | 6:96] “39.2 5.50 | 7.21 | 1.01 
G 13.8 12.8 13.2 | 1.35 } 44.3 6.10 | 5.67 st 
B 10.4 1.38 | 0.16} 46.5 5.24) 5.15 | 0.5 
Bf 12.0 } | 43-5 $22 5.90 | 0.71 
PE. 16.0 29.4 12.1 | | 37-9 | 1.07 
Gold 17.5 34.9 ‘2.5 2.18 2.95 | 0.48 | 41.0 7.10 | 6:90 2 
P 15.7 | 2.68 2.90: | 5.46 | 0.93 
)Day.. 14.8 | 42.6 3.32 43.5 6.42 5.76 0.85 
16.7 20.8 12.7 | 2.12 | 3.30 | 0.55 41.8 6.97 | 6.84 1.14 
G 15.9 28.0 | 12.6 | 2.00] 3.44 | 0.55 48.7 1.06 I 
B 14.8 65.3 | 0.52 41.1 6.06 5.30 0.78 
Bf 14.6 32.7 14.3 | 2.10 4.01 | 0.59 40.0 S87 5.90 | 0.86 
PE: 14.8 42.5 1353-4 2.83 0.42 38.0 5.64 | 6.27 0.93 
Gold 16.4 51.8 2.16 2.25 0.37 .| 6:92 1.07 
16.0 | 77.2 | 14.7 | 2.36] 2.44] 0.39] 41.9] 6.70| 5.31] 0.85 
Tops Day. 14.0 59.1 14.1 3.01 43.1 6.01: | 6.97 
ps 34.5 F102 0.43 41.6 6.30 | 6.96 | 1.08 
G 15.2 | 40.8 2.97 0.45 47-3 7.16 | 6:40 | 
B 13.8 83.0 14.6 202.) 42.3 5.85 | 5-27 @.73 T 
Bf 47.9 | 1.82 | 5.64 | 5.90 | 0.81 
* See footnote to table 2 for explanation of abbreviations. 
used was too small for any of these differ- in which mineral analyses were made. , 
ences to be considered significant. Fail- It is probable that these differences are 
ure to obtain typical deficiency symp- of little significance. - 
toms probably resulted from the storage No consistent differences were found ~ 
of the necessary elements in the seed and in the amounts of potassium present " 
from the low light intensities used. under the different conditions of light t 
Mineral analyses were made on the quality, except that the highest values “ 
leaves and stems of the plants grown on for the leaves and for the entire tops ‘ 
complete nutrient solutions in experi- were found in plants grown under the | 
ments 2 and 3. The results of these green tubes without the filter, and the b 
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highest values for the stems were found fect of light quality on the calcium con- 
under the blue without the filter. tent of the stems seemed to be the oppo- 

The amount of calcium in the leaves site of the effect noted for the leaves. 
of plants grown under the different lamps When the calcium content of the leaves 
(fig. 8) followed an order similar to that was high the content of the stems was 
for dry weight production and leaf area low, and vice versa. If only those lamps 


TABLE 4 


AMOUNT OF TOTAL ASH, CALCIUM, MAGNESIUM, POTASSIUM, AND PHOSPHORUS IN LEAVES, STEMS 
AND TOPS OF BEAN PLANTS GROWN UNDER DIFFERENT CONDITIONS 
OF LIGHT QUALITY: EXPERIMENT 3 


AsH CaALcIuM MAGNESIUM Potassium PHOSPHORUS 
| LIGHT Per- | MILLI- Per- | Prr- 
TISSUE | PeEr- | Per- PER- Per- 

CENTAGE GRAMS | CENTAGE | _ CENTAGE CENTAGE : CENTAGE 
DRY | PER | CENTAGE DRY CENTAGE DRY CENTAGE DRY CENTAGE nue 
WEIGHT PLANT WEIGHT WEIGHT WEIGHT WEIGHT 
18.1 142 1.99 1.70 | 0.24 41.2 5.77 5.28 | 0.74 
|Gold......| 14.7 16.3 13.2 1.94 1.85 | 0.27 43.6! 6.41 5-34 | 0.79 
26.4 | 11.2 1.68 | 1.06 | 0.16! 36.0] 5.42] 4.07 | 0.61 
14.3 7 | 1.58] 1.13] 0.16 43.1 6.16 4.08 | 0.58 
Stems 22.6 1.54 2.82 0.35 35.4 | 4.45 8.13 | 1.02 
14.6 | 13 6 11.8 1.99 ©.29 6.36 5-71 | 0.84 
14.3 22.4 9.9 | 1.41 1.02 | ©.15 | 44.9 6.40 4.32 | 0.62 
B-Gf.. | 14.3 16.5 | 1.82 | 0.26] 38.4] 5.48 | 5-54 | ©.79 
| 14.7 21.2 11.6 | 1.70] 1.84] 0.27] 41.4| 6.08 5.30 | 0.78 
18.1 2.6| 13.7] 2.49] 2.75 | 0.50] 36.3 | 6.58| 4.70] 0.85 
| Gold | 17 8 | 32-4] 14.3 | 2.54 | 2.91 | 0.52) 36.4 6.48! 4.89] 0.87 
17.6| 62.71 17.4 3.05 | 2.64 | 0.46| 33.7| 5.92] 3.87| 0.68 
|Day...... | 17.5] 72.6] 18.2] 3.18| 2.68| 0.47 2.1) 5.61 | 3.82 | 0.67 
Leaves 17.4| 14.5 11.8 | 2.06 | 3-37 | 0.50 | 36.3] 6.32] 5.98] 1.04 
19.6 14.4 | 2.48 | 3-19 0.55 37.1 | 6.38 5.26 ©.90 
Lae | 23 69.7 18.0 3.10 2.65 0.46 31.8 | 5.47 3.69 | 0.63 
B-Gf....... | 17.9| 35.0] 15.5 | 2.76] 2.85 | 0.51 | 33.8] 6.04] 4.29] 0.77 
BF 17.4 29.6 14.7 | 2.56] 3.00] 0.52 5:60) 4.47 | 
i, ee | 16.7] 60.6] 13.9 | 2.31 | 2.46] 0.41 | 37.8 | 6.2 4.86 | 0.81 
|| Gold 16.6 | 48.7 13.9 | 2.31 2.59 | 0.43 | 38.8 6.45 | 5.05 0.84 
16.7 | 89.1 15.5 | 2.60] 2.15 | 0.36| 34.4] 5.76] 3.94] 0.66 
|| Day. 16.6 | 097.3 | 16.4 | 2.71 2.30 | 0.38 | 34.9 5-77 3.03 | 0.65 
Tops |4Gf... 14.9 25.7 12.0) 1.79 | 3.15 | 0.47 | 35.9 | 5.35 | 6.84 1.02 
36.0) “93:2 13.3 | 2.14 2.68 | 0.43 39.2} 6.28] 5.42] 0.87 
16.4 92.0 16.1 | 2.63 | 2.26 0.37 35-0 | §-73 | 3-85 0.63 
| 16.5 | 51.6 14-4 | 2.38 | 2.54 | 0.42) 35.4| 5.84| 4.60] 0.76 
| Bf 16.2 50.7 13.4 2.16 | 2.48 37-3 | 6.02 4.64 ©.75 
| | 


* See footnote to table 2 for explanation of abbreviations. 


and was greatest in those plants receiving 
energy from most of the visible spectrum 
and lower when more selected regions of 
the spectrum were used. Removal of the 
red end of the spectrum resulted in 
about the same degree of lowering of the 
calcium content as did removal of the 
blue or of both ends. In general, the ef- 
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are considered which emit light in rather 
narrow regions of the spectrum (pink 
with filter, gold, green with filter, blue- 
green with filter, and blue with filter), 
there was a decrease in the calcium 
content of the stems proceeding from the 
red to the blue end of the visible spec- 
trum. Since the leaves made up the 
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greater part of the weight of most of the 
plants, the percentage of calcium in the 
entire tops was affected more by the con- 
tent of the leaves than by that of the 
stems. Therefore the percentage of cal- 
cium in the tops followed an order similar 
to that for the leaves, but the degree of 
variation was less. 
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different lamps in the same way as did 
the amount expressed as percentage of 
ash. 

There was little difference in the 
amount of magnesium, expressed as per- 
centage of ash, in plants grown under 
the different lamps. Expressed as _per- 
centage dry weight, the amount of mag- 
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Fic. 8.—Calcium content of bean plants grown under different colored fluorescent lamps: Pf, pink with 
filter; Gold, gold without filter; P, pink without filter; Day, daylight (fluorescent) without filter; Gf, green 
with filter; G, green without filter; B, blue without filter; B-Gf, blue and green with filter; Bf, blue with filter. 


The amount of phosphorus, expressed 
as percentage of ash, is shown in figure 9. 
It varied under the different lamps op- 
positely to the variation for calcium. 
The phosphorus content of those plants 
grown in the absence of light from the 
blue end of the spectrum and of those 
grown without light from the red end was 
higher than the phosphorus content of 
plants receiving the more balanced radia- 
tion. The phosphorus content was still 
higher when light from both ends of the 
spectrum was absent. In general, the 
amount of phosphorus expressed as per- 
centage dry weight varied under the 


nesium in the stems varied in somewhat 
the same way as did phosphorus. It was 
highest in plants grown under the green 
tubes with the filter and lowest in those 
grown under the pink, daylight, and blue 
tubes without filters. The variation in 
the leaves was less marked. 


Discussion 


There is considerable confusion in the 
literature regarding the effects of light 
quality on plant growth. Nearly all the 
earlier results indicated that the blue 
end of the spectrum inhibited stem 
elongation and produced a plant more or 
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less similar in appearance to those grown 
in daylight, while plants grown under 
the red end of the spectrum were long 
and slender. Most of the experiments 
were performed with colored glass or 
colored solutions as filters, and the qual- 
ity of the light transmitted was not 
definitely known. Usually no attempt 
was made to equalize the intensities un- 
der the different filters. 


same spectral glasses as employed by 
Popp but included another which trans- 
mitted the blue end and absorbed the red 
end. He used approximately equal in- 
tensities under the different filters, meas- 
uring them with thermopiles and with a 
Macbeth illuminometer. Galinsoga, sun- 
flower, and Geum plants were grown 
under these filters. Plants grown under 
the blue filter were somewhat stunted, 
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Fic. 9.—Phosphorus content of bean plants grown under different colored fluorescent lamps: Pf, pink 
with filter; Gold, gold without filter; P, pink without filter; Day, daylight (fluorescent) without filter; Gf, 
green with filter; G, green without filter; B, blue without filter; B-Gf, blue and green with filter; Bf, blue with 


filter. 


More recently Popp (16), SHIRLEY 
(20), TEODORESCO (22), and others have 
reported similar results from experi- 
ments which were better controlled, al- 
though the light intensities were not 
fully equated in the experiments reported 
by Popp and were probably only ap- 
proximate in many of those of TEo- 
DORESCO. Popp used various spectral 
glasses manufactured by the Corning 
Glass Company. When progressively 
greater regions of the blue end of the 
spectrum were removed, he obtained 
plants greater in length but containing 
less dry matter. SHIRLEY (20) used the 


having very short internodes but rather 
sturdy stems. Removal of the blue end 
of the spectrum resulted in very weak 
plants, with low dry weight production. 
Both Popp and SHIRLEY reported that 
the entire spectrum produced better 
plants than when any part of the spec- 
trum was removed. 

The results of the present experiments 
agree in part with the results obtained 
by Popp and by Suirtey. Plants getting 
light from all parts of the visible spec- 
trum had the most normal appearance 
and produced greater dry weight than did 
those grown under lamps or filters 


| 
th 
en 
or, 
at 
as 
le 
in 
he 
ht 
he 
ue 
or 


148 BOTANICAL GAZETTE 


which removed part of the spectrum. It 
was also found that removal of the blue 
end resulted in plants which had some- 
what longer hypocotyls and internodes 
and which produced less dry weight than 
did those receiving light from all parts 
of the spectrum. Curling and sometimes 
yellowing of the leaves grown in the 
absence of blue light was reported by 
Popp and by SHIRLEY, and these condi- 
tions were also noted in the present ex- 
periments. 

If the results obtained under the blue 
tubes with the filter and under the com- 
bination of blue and green tubes with the 
filter are considered, however, the results 
are distinctly different from those ob- 
tained by SHIRLEY under blue glass. 
They also differ from the conclusions of 
Popp, TEODORESCO, and others that blue 
light inhibits the elongation of stems. 
If only those lamps are considered which 
emit light from comparatively narrow 
regions of the spectrum (blue with filter, 
combination of blue and green with filter, 
green with filter, gold, pink with filter, 
and red without filter), there was a 
decrease in the length of plants in the 
order named—from blue to red. These 
results indicate that, for the visible spec- 
trum, the effectiveness in inhibiting the 
elongation of stems increases from blue 
to red. Similar results have been re- 
ported by DANGEARD (3), JOHNSTON (7), 
WitHROW (28), WENT (26), WEINTRAUB 
and McALIsTER (24), and GoopwIn (5). 
DANGEARD worked with Lepidium, WITH- 
ROW with bean, WENT with pea, and 
JOHNSTON, WEINTRAUB,and MCALISTER, 
and GoopwIn with the first internodes 
(mesocotyls) of Avena. LANGE (10) and 
SCHNEIDER (19) have also found that 
elongation of the first internode of Avena 
is definitely inhibited by irradiation with 
red light. 

Goopwin (5), JOHNSTON (7), and 
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WEINTRAUB and MCALISTER (24) all 
found that the effectiveness of radiation 
in inhibiting elongation of the first inter- 
node of Avena increased from the blue to 
the red end of the visible spectrum but 
rapidly decreased from about 6600 A 
or 6800 A to the infra-red. GoopWINn also 
found that the effectiveness at 3650A 
was considerably greater than at 4358 A. 
The results of Popp and McILvaInE (18) 
on turnip plants also indicate that the 
effectiveness in limiting elongation and 
in decreasing the amount of growth 
substance increased from the violet end 
of the visible spectrum to the region of 
about 2350 A in the ultra-violet. Similar 
results were obtained by BURKHOLDER 
and JOHNSTON (2). 

It therefore seems probable that the 
effectiveness of radiation in inhibiting 
stem elongation may have at least two 
maxima, one in the ultra-violet and one 
in the red, and at least two minima, one 
in the blue region of the visible spectrum 
and the other in the long red and infra- 
red. There are some indications, how- 
ever, that radiation from all parts of the 
visible spectrum may be even more effec- 
tive than an equal amount of radiation 
in the red region. 

McItvaIn_E and Popp (11) found that 
turnip seedlings grown under a Mazda 
lamp with a red filter were shorter than 
those grown under the same lamp with a 
green or violet filter. Similar results were 
obtained with these three filters when 
daylight was used as the light source. In 
these cases equal energies were used, but 
they point out that, because of the con- 
siderable amounts of infra-red, the in- 
tensity of the radiation from the visible 
region of the spectrum may not have 
been equal. These results agree with the 
generalization just made by the writer, 
although their other results do not agree 
so well. 
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In the experiments of McILVAINE and 
Popp (11), plants were grown under G34 
and G403ED filters made by the Corning 
Glass Company. Three sources of light 
were used: a Mazda lamp, a mercury 
vapor lamp in quartz, and the combined 
radiation of a Mazda lamp and a mer- 
cury vapor lamp in glass. With all three 
sources, the plants grown under the red 
end of the spectrum as limited by the 
G34 filter were taller than those grown 
under the blue end as limited by the 
G403ED filter. Equal amounts of energy 
were applied to the plants from each end 
of the spectrum. These workers give 
5290 to 7200 A as the spectral range of 
the G34 filter and 3740 to 5850 A for the 
range of the G4o3ED filter. Apparently 
these values were intended to pertain 
only to transmission in the visible spec- 
trum. This is indicated by their refer- 
ence to “‘the differences of transmission 
in the infra-red region” of the red, green, 
and violet filters for which the upper 
limit of transmission was listed as 685 mu. 
The spectrograms published by SHIRLEY 
(20) indicate that the G4o3ED filter 
transmitted radiation from 3550 to 
5850 A. The G34 filter is known to trans- 
mit a considerable amount of infra-red. 
It seems probable, therefore, that a high 
percentage of the energy reaching the 
plants under the G34 filter—when the 
Mazda lamp was used as the source— 
was infra-red, which is relatively ineffec- 
tive in inhibiting stem elongation, and 
that much of the inhibition of elongation 
found under the G403ED filter—when 
the mercury vapor lamps were used in 
the light source—may have resulted from 
irradiation with wave lengths shorter 
than 4000 A. 

As mentioned in the writer’s experi- 
ments with bean, the lengths of the upper 
internodes did not follow the same order, 
as shown by the hypocotyls and first 
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internodes. There was a tendency for 
plants with short hypocotyls and first in- 
ternodes to produce long internodes to- 
ward the top of the plant, and for those 
plants with long hypocotyls and first 
internodes to produce short internodes 
toward the top of the plant. This “com- 
pensating effect” was noticed by WENT 
(26) in the case of Alaska peas but not 
in the case of Little Marvel peas. The 
amount of food supply may well have 
been the controlling factor for the upper 
internodes, since for the most part the 
plants with the greatest dry weight 
tended to produce longer internodes at 
the top of the plants. The relation be- 
tween food supply and effect of auxin has 
been discussed by WENT (25). 

In general, the effect of light quality 
on leaf area in these experiments was 
similar to those noted by WENT (26) for 
pea plants, but the development of very 
small leaflets on the plants grown under 
the red fluorescent tubes does not appear 
to be in agreement with WENT’s obser- 
vations. 

NeEMEc and GRACANIN (15) reported 
that the amount of potassium found in 
rye plants grown under red and violet 
glass and in daylight was greater than 
in plants grown under green glass. The 
results described in this paper for bean 
plants do not seem similar. In these ex- 
periments no consistent differences were 
found in the amount of potassium pres- 
ent under the different conditions of 
light quality, except that the highest 
values in percentage of ash for the leaves 
and for the entire tops were found in 
plants grown under the green tubes with- 
out the filter, and the highest values for 
the stems were found under the blue 
tubes without the filter. Nemec and 
GRACANIN also reported that the amount 
of phosphorus in the plants grown under 
the different glasses decreased as follows: 
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green glass, violet glass, sunlight, and 
red glass. The phosphorus content of the 
bean plants grown under the fluorescent 
tubes was greatest under green and least 
under light which most nearly resembled 
white light. 

Plants grown under the more balanced 
radiation of the pink, daylight, and blue 
tubes without filters were high in leaf 
area,dry weight, and calcium content but 
low in phosphorus content; plants grown 
under the green tubes with the filter were 
lowest in leaf area, dry weight, and cal- 
cium content but highest in phosphorus 
content. While it would be expected 
that plants which have small leaves 
might produce small amounts of dry 
weight, it is probable that the correlation 
between these values may be more di- 
rectly related to light quality than on 
that basis alone. 


Summary 


1. Red kidney bean plants were grown 
under fluorescent lamps of various colors. 
Dyed gelatin filters were used with some 
of the lamps to narrow the spectral 
regions used. The plants under each of 
the lamps received equal amounts of in- 
cident energy as measured with a ther- 
mopile. 

2. The lengths of the hypocotyls and 
first internodes were least in the plants 
receiving light from nearly all parts of 
the visible spectrum. Light from the 
daylight and blue tubes produced very 
little differences in the plants. If only 
the plants grown under lamps and filters 
which emitted light from rather narrow 
regions of the spectrum are considered, 
the effectiveness in inhibiting elongation 
was greatest in the red and least in the 
blue regions. 

3. The average leaf area and the pro- 
duction of dry weight were greatest in 
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the plants receiving the more balanced 
radiation. If only the plants which re- 
ceived light from rather narrow regions 
of the spectrum are considered, the aver- 
age leaf area was least in the green and 
slightly greater in the red than in the 
blue. Dry weight production was also 
least in the green but very nearly equal 
in the red and blue regions. 

4. Visible flower buds developed ear- 
lier under green light than under the 
other lamps, but many of these buds 
abscissed. 

5. No significant differences in the 
amount of total ash, or in the percentage 
of potassium or magnesium in the ash, 
were found in the plants grown under the 
different lamps. 

6. The amount of calcium in the 
leaves, expressed as percentage of ash or 
of dry weight, was closely correlated with 
dry weight production and was highest 
in those plants receiving energy from 
most of the visible spectrum and lower 
when narrower regions were used. When 
the calcium content of the leaves was 
high, the content of the stems was low, 
and vice versa. 

7. The amounts of phosphorus found 
in plants grown under the more balanced 
light of the daylight, pink, and blue tubes 
without filters were almost equal. It 
was higher in those plants which received 
no radiation in the blue and also in those 
which had received no radiation from 
the red end of the spectrum. It was still 
higher when light from both ends was 
absent. 


The writer is grateful for the sugges- 
tions made by Dr. C. A. SHULL and Dr. 
A. W. NAYLOorR during the course of these 
experiments. 
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DEVICE FOR MEASURING ENTRY OF WATER INTO ROOTS! 


H. E. HAYWARD,” WINIFRED M. BLAIR,? 
AND P. E. SKALING4 


(WITH ELEVEN FIGURES) 


Introduction 


Relatively few methods have been de- 
vised for quantitative studies of water in- 
take by roots that can be used to deter- 
mine the gradient of absorption. The po- 
tometric technique appears best suited 
to this purpose, and apparatuses de- 
signed to use that method have been de- 
scribed (9, 10, 7, 8, 3). These devices are 
based on the use of calibrated capillary 
tubes attached to water-tight chambers 
through which the experimental root is 
passed (3, 10); or the use of capillary 
tubes with holes bored in the flattened 
ends through which the root can be 
threaded and adjusted with a mechanical 
manipulator (7, 8, 9). In the latter case 
the operations are carried on in an experi- 
mental chamber in which the atmosphere 
can be maintained at the saturation 
point. 

These devices are suitable for study of 
the terminal, unbranched portions of 
roots with a relatively uniform diameter. 
They are not well adapted for study of 
the absorption of water and mineral nu- 
trients by large or tapered roots, or by 
older portions of the root above a point 
where lateral roots have emerged, since 
it is not possible to pass the root through 
a series of chambers or capillaries. Fur- 


* Contribution from the U.S. Regional Salinity 
Laboratory, Bureau of Plant Industry, U.S. Depart- 
ment of Agriculture, in cooperation with the eleven 
western states and the Territory of Hawaii. 


?Senior Plant Anatomist, 3 Agent, 4 Formerly 
Agent; U.S. Regional Salinity Laboratory, River- 
side, California. 
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ther, these potometers are not suitable 
for the study of absorption where the 
root system is to be grown in a nutrient 
solution of high osmotic concentration, 
as it would be difficult to maintain uni- 
form conditions with small volumes of 
solution. 


Description of apparatus 


For quantitative studies of water and 
salt intake, the following requirements 
were regarded as essential: (a) that 
quantitative measurements of intake 
could be made at various levels on an in- 
tact root so as to determine the gradient 
of absorption; (b) that the potometric 
units be designed so that they could be 
applied without injury to older regions 
of roots, even above the point of diver- 
gence of laterals; and (c) that the equip- 
ment could be used to study the absorp- 
tion of water and salts from solutions of 
various osmotic concentrations main- 
tained at uniform levels and under con- 
trolled environmental conditions. 

The present device was designed with 
these requirements in mind. Each poto- 
metric unit of the apparatus (fig. 1) con- 
sists of a brass holder (A); a rubber 
chamber (B); a calibrated capillary tube 
with an attached scale (C); a glass plug 
(D); and a set screw (£). The brass 
holder consists of two hinged arms which 
can be tightened by means of the set 
screw. A section of brass tubing about 
15 mm. long, extending through the inner 
face to form a 2-mm. shoulder, is soldered 
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to each arm of the hinge. The brass tub- 
ing has an inside diameter sufficient to 
accommodate the rubber chamber snug- 
ly. The chamber is made of anode latex 
surgical tubing and may be of several 
sizes. One that has been found suitable 
for small roots, up to 3 mm. in diameter, 
has a }-inch inside diameter and a ;',- 
inch wall. A section of this tubing, 8-10 
cm. in length, is inserted through the col- 
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have several sets of chambers with holes 
of different calibers so as to be able to 
attach a series of potometers to a tapered 
root without undue adjustment of the 
set screw. 

The capillary tubes are about 15 cm. 
in length, and an enlarged cylindrical 
portion is fused to one end so that it can 
be inserted firmly in the rubber chamber. 
Each tube is calibrated to the scale at- 


Fic. 1.—Potometric unit: 7 and 2, two views of assembled potometer; 3, 4, and 5, unassembled major 
parts. A, brass holder; B, rubber chamber; C, calibrated capillary tube and attached scale; D, glass plug; 


FE, set screw. 


lars in the brass holder and is cemented 
to them with De Khotinsky’s cement to 
prevent slipping when the hinge is 
tightened. After the rubber chamber has 
been cemented in place, a slot extending 
halfway through the tubing is cut in the 
surface toward the set screw. A hole is 
then burned through the center of the 
tube at right angles to the plane of the 
hinge and intersecting the inner margins 
of the slot (fig. 1, 4). The size of the hole 
is gauged to accommodate the root to be 
used and is made with a steel punch 
heated to dull-red heat. It is desirable to 


tached to it, so that quantitative deter- 
minations of the amount of water ab- 
sorbed by the portion of the root inclosed 
in the rubber chamber can be made. The 
metal scale is fastened to the capillary 
tube by means of small rubber bands and 
can be removed easily for cleaning. The 
glass plug is made so that it will fit snugly 
in the open end of the rubber chamber. 
Each potometer is held in place by a ther- 
mometer clamp attached to the brass 
holder, and the free end of the capillary 
tube rests in a bracket that can be ad- 
justed so that it is in a horizontal posi- 
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tion. Several of the units can be attached 
to a single root at different levels and 
simultaneous readings of the water in- 
take made to determine the gradient of 
water absorption (fig. 2). 

The experimental plant and the at- 
tached potometers are held in place in an 
aquarium by clamps attached to a flexa- 
frame rod. The aquarium is equipped 
with a carbon pipe aerator so that the 


Fic. 2.—Final assembly, with corn plant. Potom- 
eters attached at three levels; the one at bottom is 
the check. One cycle of adventitious roots not ex- 
cised. 


roots can be subjected to varied oxygen 
supply. The apparatus is operated in a 
room in which the temperature and hu- 
midity can be maintained at relatively 
constant levels. This eliminates thermal 
variations, which would affect the opera- 
tion of the potometers. Overhead illu- 
mination is supplied by Westinghouse 
fluorescent tubes. 


Material and experimental procedure 


ROSENE (7, 8) used the adventitious 
roots of the onion and excised all but a 
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single root when the bulb was placed in 
the experimental chamber. This root has 
desirable features of uniformity in diam- 
eter and absence of lateral roots close to 
the apical meristem. BREWIG (1) and 
GREGORY and WoopForD (3) used Vicia 
faba. H6OuN (4), experimenting with a 
different technique, used corn, wheat, 
and Tradescantia. In our experiments 
young corn plants, Mexican June va- 
riety, were used. These were grown in 
complete nutrient solution until 10-12 
inches tall. At this stage they had about 
six expanded leaves and a cycle of un- 
branched adventitious roots 10-15 cm. 
in length. 

The corn plant is supported in the 
aquarium so that the selected root can be 
fitted conveniently into the desired num- 
ber of potometers (fig. 2). To avoid frac- 
ture or breakage of the root, it is desir- 
able to have the potometric units care- 
fully adjusted as to horizontal alignment 
and spacing before attempting to fit the 
root in the rubber chambers. By opening 
up the hinge, the root can be inserted 
through the slot in the rubber chamber 
and seated in the holes at the inner mar- 
gin of the slot. The removable set screw 
is then inserted in the arms of the hinge 
and tightened gently. If the diameter of 
the root approximates that of the hole in 
the chamber, it is not necessary to tight- 
en the set screw much in order to make 
the chamber air-tight. After the root is 
adjusted in the series of chambers, each 
one is tested for tightness by closing one 
end with the glass plug and applying a 
stream of air to the other opening in the 
chamber. The set screw is then slowly 
tightened until no bubbles escape around 
the root. 

All air is then evacuated from the 
chamber by removing the glass plug and 
flushing the chamber with a stream of 
water. A rubber ear syringe is useful for 
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this purpose. After the air is completely 
evacuated, the capillary tube is inserted 
in one end of the chamber and adjusted 
in a horizontal position, and the other 
end is closed with the glass plug. The 
capillaries are set for the initial reading 
by drawing in an air bubble until it is on 
scale. This can be done by raising the as- 
sembled apparatus until the capillary is 
just below the surface of the water and 
then lifting the open end above the sur- 
face, at the same time exerting a slight 
pressure on the glass plug. When the 
pressure is released, a column of air is 
drawn into the capillary, the distance 
depending upon the initial pressure. The 
tube is then submerged and the air col- 
umn shortened to a single bubble by 
manipulation of the glass plug. By start- 
ing at the lowest capillary in the series 
and setting the bubbles progressively 
toward the uppermost one, it is possible 
to adjust a set of four or five units with- 
out difficulty. In each assembly a check 
capillary is included to record any varia- 
tions in movement that might be due to 
thermal effects. The check unit is set up 
in the same manner as the other potome- 
ters, except that a small glass tube is in- 
serted through the holes in the rubber 
chamber in place of a root. 

In most of the experiments with corn, 
all roots except the one tested were ex- 
cised after the apparatus was completely 
assembled. This procedure resulted in 
greater uniformity in the quantitative re- 
sults obtained as it tended to reduce the 
variation in intake due to differences in 
the total absorbing surface of the root 
systems. Results obtained when all the 
roots were left intact were similar with 
respect to gradient, however, although 
the rate of water intake per unit area of 
root surface was reduced. No roots were 
excised in experiments with older roots 
of Citrus. 
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Experiments with corn 


The first objective was to measure the 
rate of entry of water at various levels 
above the root tip to determine whether 
an axial gradient existed; and if so, at ap- 
proximately what level the most rapid 
rate occurred. In each experiment the 
rates of entry of water at three levels of 
the test root were measured simultane- 
ously. By using various triple combina- 
tions, a composite picture of the move- 
ment of water into the root at successive 
levels above the tip was obtained. 

SERIES I.—Potometers were attached 
at the 1.5-, 4.5-, and 7.0-cm. levels above 
the root tip. Readings were made at 
half-hour intervals from 10 A.M. to 3:30 
P.M. Figure 3 shows the results obtained 
with two representative roots of this 
series. The intake of water was least rap- 
id at the 1.5-cm. level nearest the root 
tip, greatest at the 7-cm. level, while the 
4.5-zone exhibited an intermediate rate 
of absorption. 

SERIES II.—The results of series I did 
not necessarily indicate the point of high- 
est rate of absorption, and so the brack- 
ets were extended to include a zone 10 
cm. from the root tip. Figure 4 illustrates 
the most common type of gradient ob- 
tained. The rate of entry was most rapid 
at the 1to-cm. level farthest from the 
root tip. In most cases, the rate at the 
6-cm. zone was slightly less than at the 
7-9-cm. levels. With an occasional root, 
rather high rates of ingress were observed 
at the 2~—3-cm. region. 

In a few instances a second type of 
gradient was noted in which the rate of 
entry at the 1o-cm. level was slower than 
at points nearer the root tip, indicating 
that there may be progressively increas- 
ing rates of entry from both the distal 
and proximal regions of the root which 
reach a peak at some intermediate point. 
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Fics. 3-6.—Rate of entry of water by adventitious roots of corn at various levels above root tip. 
In each graph the levels measured are designated on the root at the lower right corner. 
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Serres III—When the test levels 
were set at 4, 8, and 12 cm., two types of 
gradient were found. In a majority of the 
roots a gradient was noted like that il- 
lustrated in figure 5, in which the proxi- 
mal zone had the most rapid entry of 
water, with a decreasing rate of absorp- 
tion toward the root tip. In other cases 
the 12-cm. level exhibited a slower rate 
of intake than the 8-cm. zone, and in a 
few instances it was less than at the 4- 
cm. level (fig. 6). 

Serres IV.—In the final series, the top 
level was established at 14 cm. from the 
root tip, with the other test zones at 10 
and 6 cm. As in series III, the results at 
the highest level fell into two modal 
groups. In one group, representing about 
half the roots tested, there was pro- 
nounced reduction in the rate of entry at 
the 14-cm. level, while in the other there 
was a slight increase in the rate as com- 
pared with the modal group at the 12- 
cm. level. On the basis of the average for 
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__ Fic. 7.—Mean rate of absorption of water at var- 
lous root levels. Standard error indicated by dotted 
lines. 


all roots tested, the rate at the r4-cm. 
level was less than at the 12-cm. zone, 
and the highest rate was at 10 cm. from 
the root tip (fig. 7). 


Experiments with sour orange 


The most active region for the entry of 
water by roots is generally regarded as 
that between the level where the primary 


vascular elements are elongating and the 
level of complete suberization of the 
walls of the epidermis. This is roughly 
comparable with the zone of the root 
that produces root hairs. 

The foregoing experiments with corn 


Fic. 8.—Final assembly with 2-year-old sour 
orange seedling. Potometers attached to two roots; 
lowest one is the check. 


support this point of view, but there is 
also the possibility of entry of water 
through hypodermal cells and root lenti- 
cels in older portions of the root. Al- 
though the lenticel is often regarded as 
primarily concerned with aeration, there 
is no structural reason why it should not 
provide an avenue of entry for water. 

To test this possibility, sour orange 
seedlings 2 years old were used. Potome- 
ters were attached to older portions of 
the roots, in most instances above points 
where lateral roots had diverged (fig. 8). 
The structure of a young root lenticel is 
illustrated in figure 9, and that of an 
older one in figure 10. Some old suber- 
ized root hairs persist where the epider- 
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mis is still intact, but it is doubtful 
whether they are functional, owing to the 
condition of their walls. Structurally the 
parenchymatous cells of the lenticel 
would permit the ingress of water, and 
they appear to be sufficiently numerous 
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Fic. 9.—Longisection of portion of orange root 
showing development of lenticel. Periclinal divisions 
of hypodermal cells which function as phellogen are 
shown and also anticlinal divisions of underlying 
parenchymatous cells of cortex. 


to account for the rate of absorption ob- 
served. 

Absorption curves obtained from four 
roots of sour orange are shown in figure 
11. The rate of entry of water was much 
slower than that for the young active 
roots of corn, but it approximates that of 
the 2-3-cm. zone just above the root cap 
in that plant. When the total area of the 


[SEPTEMBER 


old root surfaces is taken into account, it 
is evident that considerable quantities of 
water can be absorbed through them lat- 
erally, even though the rate is slow. The 
area, however, would be much less than 
that of many small roots. 


Discussion 


The experiments with corn indicate 
that there is an ascending gradient of 
rate of entry of water from the tip toward 
the proximal portion of the root, which 


Fic. 10.—Transection of portion of older root of 
sour orange showing a lenticel. A few suberized root 
hairs at right. 


reaches a maximum about to cm. from 
the root cap. In most cases the rate de- 
creases above that point, and at the 12- 
14-cm. level it may approximate that of 
the 2-4-cm. level. The rate in the zone 
just above the root cap is relatively con- 
stant, but there is considerable variation 
at higher levels when different roots are 
compared. This may be explained in 
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part by differences in leaf area, root 
area, and metabolic activity of the test 
plant. As ROSENE has pointed out, an- 
other consideration is the relative degree 
of maturity of the root. If two roots of 
the same length but different age were 
tested, the rates of water intake would 
probably be different, owing to the dif- 
ference in the maturity of zones at equal 
distances from the root tips. Thus differ- 
ential growth rate may account for some 
of the variation in intake at the interme- 
diate and higher levels. This variation 
would tend to be less pronounced at the 
lowest level, since—regardless of growth 
rate—the zone immediately above the 
root cap would be more or less uniform 
with respect to its developmental status. 
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Fic. 11.—Rate of entry of water by four roots of 
sour orange in which lenticels had formed and epi- 
dermis was probably nonfunctional with respect to 
ingress of water. Roots A, B, and D from same plant. 


These studies are in general agree- 
ment with those of HOHN (4), STERP and 
BREWIG (10), and ROSENE (7, 8), who 
have concluded that the most active en- 
try of water occurs in the terminal 10 cm. 
of the root and that there is less absorp- 
tion at its apical region than in the more 
basal zones. With onion, ROSENE also 
found a two-way gradient comparable 
with the results reported here for corn. 

The ability of older portions of lateral 
roots to absorb water and nutrient ions 


has been given little consideration in 
studies of root-soil relationship. CRIDER 
(2) has reported absorption of nitrate 
and phosphate by older portions of Citrus 
and Vitis roots after the young unsuber- 
ized portion had been excised and the end 
sealed off. KRAMER (5) has demonstrat- 
ed the absorption of water by dead root 
systems, reviewing earlier studies of this 
nature. NIGHTINGALE (6), working with 
apple and peach, has stated that “there 
must obviously have been considerable 
absorption of water through old large 
roots.” 

The preliminary results reported here 
indicate that older suberized roots of the 
sour orange do absorb a measurable 
amount of water, comparable with that 
taken in by the less active zones of a 
young root. In view of scattered field ob- 
servations which indicate that Citrus 
trees have few, if any, young active 
white roots at certain seasons of the year, 
the water that enters through the older 
roots probably constitutes a significant 
fraction of that utilized. It seems prob- 
able that for many perennial plants, es- 
pecially those with evergreen foliage, in- 
take of water by older portions of young, 
or even old roots, occupies an important 
place in their normal soil-water relations. 


Summary 

1. A potometric device for the quanti- 
tative determination of water movement 
into roots is described. The apparatus is 
designed so that it may be attached to 
any part of the root. 

2. Experiments with young roots of 
corn indicate that the rate of water entry 
increases from the zone proximal to the 
root cap to a maximum at a point 10 cm. 
from the root tip. In most cases the rate 
decreases above this level in roots more 
than ro cm. in length. 
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3. The lateral entry of water into older 


portions of Citrus roots is measurable, 


and they probably provide the major 
avenue of ingress during certain seasons 
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of the year. The root lenticels may be the 
structures through which water most 
readily enters older portions of the root. 
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EFFECTS OF PLATINUM CHLORIDE ON BEAN AND TOMATO! 


CONTRIBUTIONS FROM THE HULL BOTANICAL LABORATORY 547 


CHARLES L. HAMNER 


(WITH TWO FIGURES) 


Introduction 


When bean and tomato plants were 
grown in sand culture to which a nutrient 
solution containing various amounts of 
platinum chloride had been added, 
marked differences in growth occurred. 
These were associated with differences in 
anatomical structure, osmotic concentra- 
tion of sap, rate of wilting, and calcium 
and phosphorus content of the plants. 

The experiments were conducted in 
the greenhouses of the University of Chi- 
cago in the spring of 1942. Red kidney 
bean and Bonny Best tomato were used. 
In all the experiments glazed crocks and 
quartz sand were employed. The plati- 
num chloride, H,PtCl-6H,O, was ob- 
tained from the Eastman Kodak Com- 
peny. In general five seeds were planted 
in each 13-liter crock filled with the sand. 
After the seeds had germinated and the 
primary leaves were expanded, the 
plants were thinned for uniformity to 
two per pot (fig. 1A) and treated imme- 
diately after thinning. The pots were 
arranged in rows of eight across a green- 
house bench. Each row was regarded as 
a unit and every pot in it given the same 
treatment; the lots were randomized and 
each treatment replicated seven times. 


Investigation 


EXPERIMENT I.—The seeds were 
planted May 16, divided into lots and 
treated on May 26, May 28, June 1, and 

‘This work was supported in part by a grant 


from the Dr. Wallace C. and Clara A. Abbott Memo- 
rial Fund of the University of Chicago. 
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harvested June 4. The several lots were 
treated with the following concentrations 
of platinum chloride: 15-5, 9-5, 3-5, 3~°, 
3-7, and controls to which none 
was added. The platinum chloride was 
added to the nutrient solution, which 
consisted of Ca(NO,), 0.00060 mol., 
MgSO, 0.00045 mol., and KH,PO, 
0.00045 mol. per liter, with traces of 
micronutrients added. The controls re- 
ceived 250 cc. of nutrient solution at the 
time of treatment and the treated plants 
the same amount with the necessary 
quantity of platinum chloride dissolved 
in it. 

Eight days after the first treatment 
the plants were harvested. Wet weights 
of the tops were taken. They were then 
dried at 80° C., the ash determined, and 
analyses made for calcium (1) and phos- 
phorus (2, 3). 

Concentrations of 15-5 applied at an 
early stage in the growth resulted in fail- 
ure of the first set of trifoliate leaves to 
develop, and growth was markedly ar- 
rested; at a concentration of 3~ this first 
set of leaves expanded but soon became 
chlorotic (fig. 1); a concentration of 3~° 
or less had no significant effect. 

Table 1 shows the inhibitory effect on 
accumulation of dry weight of the plati- 
num chloride, especially at the higher 
concentrations. Plants in treatments 
15~5, 9-5, and 3-5 (table 1) were less suc- 
culent. No plants were killed, even at 
the strongest concentration. All accu- 
mulated some dry weight. 

The amount of ash in the plants 


[Botanical Gazette, vol. 104 


oR 
1e 
st 
| 
on 
: 
ies 
int 
in | 
ts. 
b- 
nt 
of 
ey, 
er- | 
ler 


treated with higher concentrations of 
platinum chloride was less than in the 
controls, and the amount of calcium per 
gram of ash and per plant was less in the 
treated plants (table 2). The difference 
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phorus relationships are influenced rela- 
tively less. 

EXPERIMENT II.—This set of bean 
plants was grown and treated as pre- 
viously described. On these plants stud- 


Fic. 1.—A, AA, bean plants at beginning of experiment; B, C, D, 8 days later: B, treated with 15~5 and 
C with 3-5 solution of platinum chloride; D, control. BB,CC, and DD, plants similarly treated 3 days later, 
watering having been discontinued. Plants receiving the platinum chloride grew more slowly and wilted 


much less readily. 


in total amount of phosphorus was not so 
great between treated and untreated 
plants as in the case of calcium, but the 
relative amounts varied. Some of the 
treated lots had a greater percentage of 
phosphorus when compared with the ini- 
tial controls. Apparently platinum chlo- 
ride, by stunting the plant, inhibits the 
normal intake of calcium; but the phos- 


ies on transpiration, osmotic concentra- 
tions, cellular details, and wilting were 
based. 
The amount of transpiration of the 
treated and untreated plants was deter- 
mined by weighing. Two plants were 
taken from each of the following lots: 
15-5 platinum chloride, 3-5 platinum 
chloride, and controls, immediately after 
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the third treatment, which was given 6 
days after the first treatment. Cork pads 
were placed over the tops of the pots to 
permit most of the stem and all of the 
tops to be exposed to the air. The pads 
were sealed to the pots with beeswax and 
the entire apparatus weighed. Six subse- 
quent weighings were made over a period 
of 3 days. 

Table 3 shows the effect of platinum 
chloride on transpiration. Plants receiv- 
ing platinum chloride at concentrations 
of 15-5 and g~ lost less than one-fifth as 
much water as the controls, but the leaf 
area and the loss per square centimeter 
were greater in the controls. 

The osmotic concentration of the leaf 
tissues was determined on plants grown 


TABLE 1 


WET AND DRY WEIGHT (IN GRAMS) AND PER- 
CENTAGE WATER OF BEAN PLANT TOPS TREAT- 
ED WITH VARYING CONCENTRATIONS OF 
PLATINUM CHLORIDE IN THE NUTRIENT SO- 
LUTION 


INCREASE 
WET Dry IN DRY 
WEIGHT WEIGHT > WEIGHT 
TION IN WATER 
dienes PER PER (%) OVER 
PLANT PLANT INITIAL 
(cm.) (GM.) CONTROL 
(coM.) 
3.62 | 0.506 | 86.1 0.179 
gs 4.51 0.629 86.1 . 302 
ss 6.37 | 0.800| 87.5 -473 
11.75 | 1.182 | 90.0 
11.47 1.160 89.9 .833 
11.95 | 1.2071 86-8 . 880 
ae 11.87 1.234 | 89.7 .907 
Control. 11.44] 1.217] 89.2 .890 
Initial con- 


* At time of first treatment. 


in this experiment by the strip method as 
described by MEYER and ANDERSON (2). 
Small 1-mm. squares of leaf tissue were 
plunged into a known molecular concen- 
tration of sugar and examined under the 


microscope to determine the isotonic so- 
lution. The lots of plants which received 
concentrations of and platinum 
chloride and the controls were examined. 
Examinations were made 8 days after the 


TABLE 2 


WEIGHTS AND ANALYSES OF TREATED 
BEAN PLANTS 


PLATINUM Puos- | TotaL 
Catce | Tota. 
CHLORIDE ToTaL PHORUS | PHOS- 
UM PER | CALCIUM 
CONCENTRA- ASH PER GRAM PER PER PHORUS 
TION IN PLANT GRAM | PER 
ASH PLANT 
NUTRIENT (om.) (%) (u0.) ASH | PLANT 
SOLUTION “ig (%) | (uc.) 
©.0503 | 19.5 9.76 | 9.6 4.8 
. cee .0864 | 18.5 | 16.0 | 8.8 7.6 
eae ee .1484 | 23.0 | 34.10 | 7.04 | 10.4 
Control...| .1569 | 23.1 | 35.77 | 7.05 | 11.06 
Initial con- 
trol*. ..| 0.0413 | 16.6 | 6.86 | 8.2 3.38 


* At time of first treatment. 


TABLE 3 


AMOUNT OF WATER TRANSPIRED FROM BEAN 
PLANTS STARTING 6 DAYS AFTER INITIAL 
TREATMENT, EXPRESSED IN GRAMS, OVER PE- 
RIOD OF 3 DAYS 


WATER Loss 
CONCENTRATION | WATER Loss | LEAF AREA PER 100 

IN NUTRIENT PER PLANT | PER PLANT | SQ. CM. OF 

SOLUTION (com.) (sQ. cM.) LEAP AREA 
(cm.) 
35 142 24.6 
32 160 20.0 
75 200 37-5 
19! 300 63.6 


first treatment. Squares cut near the 
center of the primary leaves, near the 
midrib, were used. The tissues of the pri- 
mary leaves from control plants aver- 
aged below 20 atmospheres while those 
from the plants treated with 15-5 con- 
centration averaged above 40 atmos- 
pheres, a difference great enough to be 
significant, despite possible errors in- 
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herent in the method used for making the 
determinations. 

Fresh and paraffin sections were also 
made of leaves of comparable lots of 
plants. The leaves were fixed in Nava- 
shin’s solution, imbedded in paraffin by 
the tertiary-butyl-alcohol method, and 
sectioned. These sections showed a 
thickening of the walls of the leaf tissue, 
fewer intercellular spaces, more stomata 
closed, and greater density of protoplasm 
in the case of the plants which had re- 
ceived the platinum chloride. 

Some of the plants were supplied no 
water or nutrient solution after the 
eighth day. These showed a striking re- 
sponse. Those treated with platinum 
chloride at concentrations ot 15-5, 9-5, 
and 3-5 did not wilt so rapidly as the con- 
trols. Some of the treated plants re- 
mained turgid for 20 days after watering 
ceased, whereas in all cases controls 
wilted within 2 days. Most of the treated 
plants remained turgid for a week after 
the controls had wilted. 

EXPERIMENT III.—This experiment 
was run to determine the effect of the 
addition of platinum chloride on plants 
grown in the dark. For this purpose five 
seeds of bean were planted in quartz 
sand in 13-liter crocks and placed at once 
in a darkroom. After the plants had 
emerged above the sand and were ap- 
proximately 3 inches tall, two were re- 
tained in each pot and the other dis- 
carded. Plants in six of the crocks re- 
ceived 15~5 platinum chloride in the nu- 
trient solution as a single treatment, and 
six crocks were left untreated, receiving 
nutrient solution only. Both treated and 
untreated plants remained continuously 
in the dark for several days. During this 
period the hypocotyls and epicotyls of 
the treated plants failed to elongate, yet 
the plants were not killed. The effect was 
mainly that of stopping elongation. 
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EXPERIMENT IV.—Bean plants were 
planted in sand and thinned as previous- 
ly described. They were given nutrient 
solution until they were mature enough 
to flower. Six pots were then treated 
with 15~ platinum chloride in the nu- 
trient solution and six left as controls. In 
all, there were three applications to each 
of the pots over a period of 7 days. No 
further addition of the solution or water 
was given the treated and control plants, 
and the rate of wilting was observed. 
The treated plants remained turgid sev- 
eral days longer than the controls, as was 
true in other experiments. 

EXPERIMENT V.—lIn this experiment 
five bean seeds were planted in 5-inch 
porous pots filled with soil instead of 
sand. After germination the plants were 
thinned to two per pot. Six pots re- 
ceived 15~5 platinum chloride in solution 
after the primary leaves had fully ex- 
panded, and six were left as controls. 
Three applications on alternate days 
were given. The plants were examined 
for gross appearance, then all liquid was 
withheld and the plants allowed to wilt. 
Bean plants grown in soil apparently do 
not respond in the same manner to low 
concentrations of platinum chloride 
when it is supplied in nutrient solution 
added to the soil. No visible differences 
in appearance or amount of growth were 
observed, and no differences in wilting 
response were noted. 


ToMATO 


Tomato seedlings were grown in sand 
in flats. They were transplanted when 
about 2 inches tall to 1}-liter glazed 
crocks filled with quartz sand, where 
they were allowed to grow for 2 weeks 
before being treated. The two plants in 
each pot were about 4 inches tall when 
treated with platinum chloride (fig. 24). 
The plants were treated in the same 
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manner and with the same concentra- 
tions of platinum chloride as in the ex- 
periment with bean (experiment I). 
Plants treated with concentrations of 
platinum chloride of 9-5, and 375 


Fic. 2—Tomato plants: A, at time treatments were begun, the others 10 days later, having received 
no water for the last 2 days. B, treated with 15—5 and C, with 3-5 platinum chloride added to nutrient solu- 
tion; D, control. Effects similar to those received with bean. 


showed a response similar to bean. 
Growth was inhibited (table 4) and the 
percentage water decreased slightly in 


TABLE 4 


WET AND DRY WEIGHT (IN GRAMS) AND PER- 
CENTAGE WATER OF TOMATO PLANTS TREAT- 
ED WITH VARYING CONCENTRATIONS OF 
PLATINUM CHLORIDE IN THE NUTRIENT SO- 
LUTION 


WET Dry 
CoNCENTRATION 
WEIGHT PER | WEIGHT PER WATER 
IN NUTRIENT 
PLANT PLANT (%) 
SOLUTION 
(coM.) (cM.) 
4.72 0.612 87.03 
6.98 0.875 87.45 
10.95 88.05 
10.84 2.28 88.47 
10.96 1.32 88 .65 
10.99 1.38 87.90 
.. 10.98 ‘a3 87.90 


the treated plants. No response was 
noted for treatments at the lowest con- 
centration. The plants treated with a 
concentration of 15~5 showed some chlo- 
rosis in the lower leaves (fig. 2). The 
plants treated with 15-5, g-5, and 375 
platinum chloride remained turgid much 


longer than the controls when water was 
withheld. The controls wilted 1 day af- 
ter water was withheld; the treated 
plants remained turgid for more than a 
week. 


RESULTS WITH CUTTINGS 


In a few additional experiments toma- 
to and bean seedlings were cut off near 
the surface of the soil and placed in solu- 
tions of platinum chloride of the follow- 
ing concentrations: 15-5, 3-5, and con- 
trols. The stems were cut under water 
and placed in small vials containing 30 
cc. of the respective solutions. Five seed- 
lings were used for each treatment. The 
plants promptly showed symptoms of 
toxicity. The tomato is particularly sus- 
ceptible to platinum injury. Black spots 
similar to the symptoms of ammonia 
toxicity appear in the leaves shortly after 
the cuttings are placed in the solution. 


Summary 

1. Bean plants grown in sand at con- 
centrations of 15-5, 9-5, 3-5 platinum 
chloride, H,PtCl;-6H,0, are inhibited in 
growth, have smaller leaf area, higher 
osmotic pressure, have a lower transpira- 
tion rate, resist wilting much longer than 
controls, and are less succulent. 

2. Bean plants grown in sand in the 
dark at platinum chloride concentrations 
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of 15-5, 9-5, are inhibited in stem and 
hypocotyl elongation. 

3. Bean plants grown in soil to which 
platinum chloride at a concentration of 
15~5 was added fail to show any response. 

4. Tomato plants grown in sand sup- 
plied with platinum chloride at concen- 
trations of 15~5, and are inhibited 
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in growth, have chlorotic lower leaves, 
and resist wilting longer than controls, 

5. When the cut ends of severed bean 
or tomato plants are placed in dilute con- 
centrations of platinum chloride, they 
soon show symptoms of toxicity and are 
killed. 


U.S. PLant INpuSTRY STATION 
BELTSVILLE, MARYLAND 
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DEVELOPMENT OF THE NODE IN RICINUS COMMUNIS 


MARY E, REYNOLDS 


(WITH NINE FIGURES) 


Introduction 


The structure of the node in certain 
monocotyledons such as grasses and 
palms is extremely complex. The intri- 
cate vascular septum which is generally 
present differs in origin and appearance 
in different plants. In the mature node of 
Zea mays, for example, this reticulum 
originates by anastomosis of branches 
both of the entering leaf traces and of the 
vascular bundles descending from the 
younger leaves (1). In Spartina town- 
sendii, in contrast to this, LAUDER- 
THoMsoN (2) concludes that only the 
“so-called cauline” bundles are responsi- 
ble for the network formation. 

In the hollow-stemmed dicotyledon, 
Ricinus communis, the anatomy of the 
node is equally complex. A similar vas- 
cular meshwork imbedded in parenchy- 
ma tissue is present, but it differs in posi- 
tion from the preceding monocotyledon 
types. The nodal septum of Ricinus lies 
somewhat obliquely in the stem above 
the level of the entering leaf traces, which 
are therefore not directly connected with 
the network. The general anatomy of 
Ricinus has been outlined recently by 
Scort (5,6), but the structure of the node 
is not discussed in detail. In the present 
paper the development of the vascular 
septum is followed through successive in- 
ternodes. 


Material and methods 
The habit of Ricinus communis (4) re- 
quires no detailed description. It grows 
abundantly in southern California as a 
hardy perennial weed or garden plant, so 
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that seedlings and plants in various 
stages of growth are readily obtainable 
throughout the year. 

Reconstruction of the path of the nu- 
merous individual leaf and stipular traces 
from only transverse and longitudinal se- 
rial sections is difficult and tedious. In 
order to obtain a three-dimensional pic- 
ture of the vascular pattern as a whole, 
the following clearing and staining meth- 
od proved most useful. Seedling axes and 
actively growing shoots, from the tip 
to the fourteenth node inclusive, were 
cleared in chloral hydrate. At room tem- 
perature complete clearing may take 2 
months, but oven-heating at 50° C. may 
reduce this time to a week or two, de- 
pending upon the age of the tissue. When 
the material is sufficiently clear it is 
rinsed in water and stained in phloro- 
glucin and HCl, then mounted in pure 
glycerin. Staining of the lignified tissues 
requires 15-30 minutes, depending upon 
the thickness of the material. Sections 
stained in this manner have retained 
their color for over a year. 


Observations 


In studying the development of the 
node it is necessary to consider the path 
of the vascular bundles in the stem and in 
the leaf base. In the sunflower, with a 
phyllotaxy of 2/5, or less frequently 3/8, 
one relatively simple pattern of dicotyle- 
don structure has been clearly traced 
(3,7). Three leaf traces enter the stem at 
each node and continue vertically down- 
ward until they reach the level of the 
next leaf below on the same orthostichy; 
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for instance, the sixth leaf in a shoot of 
2/5 phyllotaxy. Here they may either 
fork or swing to one side or the other of 
the incoming leaf traces and sometime 
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sultant pattern is therefore much more 
complex. The differentiating axial vas- 
cular bundles are necessarily deflected 
sooner from the perpendicular. They 


Fics. 1~-6.*—Fig. 1, bud sheath and axis: leaf traces encircle stem and supply branches to bud sheath, 
Fig. 2, tenth node, septum: entering and encircling leaf traces surround axile vascular bundles seen in tran- 
section. Two vascular strands, lignified (spiral) vessels traverse septum; provascular tissue not shown. 
Fig. 3, tenth node, profile: vascular strands continue downward after crossing septum. Fig. 4, eleventh 
node, septum: further lignification gives rise to vascular network. Fig. 5, twelfth node: secondary thicken- 
ing (stippling) completes nodal mesh; primary spiral vessels (solid black) still visible. Fig. 6, twelfth node, 
profile (semidiagrammatic): path of vascular bundles summarized. They may either: i, run vertically down- 
ward; ii, be deflected right or left; iii, diverge around entering traces; iv, pass inward to traverse septum; Vv, 
emerge and descend after crossing septum. 


*a, leaf trace; b, sheath trace; c, sheath scar; d, extrafloral nectary; e, axial vascular bundle; /, transverse vascular strand; 
g, secondary vascular strand; h, pith; 7, bud; &, provascular network. 


thereafter fuse below with other vascular may either merge sooner with other axi- 

bundles. al bundles or be deflected horizontally 
In Ricinus the phyllotaxy is also 2/5, across the node to form the vascular sep- 

or less commonly 3/8; but instead of tum. 

three traces, as in the sunflower, they The first eight nodes of the growing 

number ten to twenty-three, and the re- shoot are inclosed within the conical 
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caducous stipular bud sheath of the ninth 
leaf, which is not encircled by the sheath. 
The vascular supply of the bud sheath 
consists of ten to thirty-five veins, de- 
pending upon the size of the sheath (fig. 
1). The veins run parallel, branching 
only near the base and tapering gradually 
toward the sheath tip. They are small, 
consist of one or two spiral vessels only, 


the first traces of lignification in the sep- 
tum are evident and intermittent hori- 
zontal spiral elements may be observed, 
while at the tenth node one or more con- 
tinuous vascular strands traverse the sep- 
tum (figs. 2, 7). These strands vary in 
thickness from one to three spiral ves- 
sels and are in direct continuity with the 
bundles of the axial vascular cylinder 


Fics. 7-9.—Fig. 7, ninth node, transection; provascular tissue. Fig. 8, secondary pitted vessel segments 
from nodal septum isolated by maceration: pitted vessel segment has width of 68 y, length of 272 uw. Fig. 9, 
twelfth node, transection: fresh material stained with phloroglucin and HC]; spiral and pitted vessels present 


in nodal network. Lettering as in figs. 1-6. 


and arise as branches from the smaller 
entering leaf traces of the ninth leaf. 
Primary differentiation of the axis is 
seen within the bud sheath. Spiral ves- 
sels, the first evidence of xylem differen- 
tiation, appear first near the base of the 
third leaf primordium. At this level the 
provascular network of the septum is al- 
ready well defined and becomes increas- 
ingly prominent in the older nodes. Be- 
yond the bud sheath differentiation of 
primary xylem elements continues in the 
axis and is followed later by secondary 
thickening. Meantime, at the ninth node 


(fig. 3). The elements which compose the 
strands are similar to those of the pri- 
mary stem. The coenocytic development 
of the vessels is evident (5) and sieve 
tubes of the usual type are present in the 
accompanying phloem. Further lignifi- 
cation occurs in the eleventh septum 
(fig. 4). Here the network is practically 
complete and occasional reticulate ele- 
ments are present in addition to the 
spiral vessels. 

Secondary thickening is initiated in 
both the axis and the septum at the level 
of the twelfth or thirteenth node and re- 
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sults in the heavy woody reticulum seen 
in the older stem (figs. 5, 9). In this 
network the initial spiral vessels are still 
clearly visible, together with reticulate 
.elements, pitted vessel segments, xylem 
fibers, and lignified parenchyma (fig. 8). 
The increased thickness of the vascular 
tissue results in some compression of the 
adjacent parenchyma. The cells of the 
ground tissue as a whole remain alive, 
however, and function in the storage of 
starch, fat, and calcium oxalate. 

In.a stem as complex as Ricinus it 
proved practically impossible to follow 
each individual bundle to its ultimate 
conclusion. Of the numerous traces en- 
tering the stem at any one node, the 
three median turn directly downward 
while the laterals more or less encircle the 
stem as girdling traces before assuming a 
vertical direction (figs. 1, 2). All traces 
appear to continue through two or three 
i nternodes before they are blocked by in- 
coming vascular bundles from the lower 
leaves. At this level the traces diverge, 
some passing horizontally inward to the 
septum while the others are deflected 
right or left or divide around the incom- 
ing strands (fig. 6). This diversion from 
the vertical may result in fusion with ad- 
jacent bundles, but it is usually possible 
to trace any one major strand through- 
out two or three more internodes. Thus 
leaf traces may be followed altogether 
through five internodes before becom- 
ing obscured by secondary thickening. 
The fate of the first-formed horizontal 
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traces, already mentioned, is clearly indi- 
cated (figs. 2, 3). After crossing the sep- 
tum, they swing downward and sooner 
or later fuse with other axial bundles. 
The actual origin of these traces was not 
determined, but it would appear possible 
that all leaf traces take part in the forma- 
tion of at least one nodal septum. 


Summary 

1. The differentiation of the complex 
vascular network of the node in Ricinus 
communis is traced throughout the stem 
apex. 

2. The development of the vascular 
elements of the septum in general paral- 
lels that in the axis. The network differ- 
entiates from provascular strands. Spiral 
vessels in the axis precede those in the 
septum, while secondary thickening is 
initiated in both at the same time. 

3. It appears that leaf traces entering 
the stem run downward through only 
two internodes without change. There- 
after they may either anastomose, di- 
verge right or left of the incoming traces 
and continue downward, or be deflected 
horizontally across the nodal septum. 
Thus it is possible that all leaf traces take 
part in the formation of at least one 
nodal network. 


This investigation was carried on un- 
der the direction of Professor FLora M. 
Scott, to whom the writer is indebted for 
helpful suggestions and criticisms. 
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VARIATIONS IN CHROMOSOMAL ASSOCIATION AND BEHAVIOR 
DURING MEIOSIS AMONG PLANTS FROM OPEN-POLLI- 
NATED POPULATIONS OF DACTYLIS GLOMERATA' 


W. M. MYERS AND HELEN D. HILL? 


Introduction 


Mintzinc’s (6, 7) report that Dac- 
tylis glomerata L. (orchard grass) be- 
haved cytologically as an autotetraploid 
has been verified by both the cytological 
results obtained by Myers and Hitt (13, 
14) and the genetical data obtained by 
Myers (9, 10, and unpublished). Among 
three plants of this species, Myers and 
Hitt (13, 14) found considerable differ- 
ences in frequency of quadrivalents at di- 
akinesis and in percentages of metaphase 
Isporocytes with univalents, of anaphase 
I sporocytes with lagging and dividing 
univalents, and of quartets with micro- 
nuclei. Since no valid estimate of error 
was available, the statistical significance 
of these differences could not be deter- 
mined. A knowledge of the range of vari- 
ation in chromosomal behavior during 
meiosis among normal plants from open- 
pollinated populations of an autotetra- 
ploid species is of considerable impor- 
tance. Furthermore, the discovery of 
plants differing significantly in this re- 
gard would provide valuable material for 
an analysis of the interrelations of irregu- 
larities manifest during different stages 
of meiosis and for an evaluation of the 
relative importance of such irregularities 
in conditioning the germinal instability 
of the species. A preliminary report of 
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the results presented in this paper has 
been published in abstract (15). 


Material and methods 


Twenty plants which had been used as 
parents in an inbreeding program, and 
which were known to be euploid (27= 
28), were selected for this study. Six of 
the plants were from seed collected in the 
northeastern United States and the re- 
mainder were from various Foreign Plant 
Introductions. 

Clonal increases from these plants 
were grown in 4-inch pots in the green- 
house during the winter of 1939-40. Pan- 
icles from all plants were collected and 
fixed on February 22 and again on Feb- 
ruary 24. The cytological technique has 
been described previously (14). Com- 
plete data on frequency of quadrivalents, 
of univalents at metaphase I, of lagging 
and dividing chromosomes, and of dicen- 
tric bridges and acentric fragments at an- 
aphase I, and of micronuclei in the quar- 
tets were obtained from twelve plants for 
both collections. Data on micronuclei 
were obtained from two additional plants 
in both collections. Complete data were 
obtained for each of the remaining plants 
from only one collection. 


Experimental results 


DIAKINESIS 


Quadrivalent frequency was deter- 
mined at diakinesis for all plants (table 
1). For this purpose, sporocytes were ar- 
bitrarily selected in which all chromo- 
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somes were associated as bivalents, quad- 
rivalents, or both. No sporocyte was ob- 
served with an association of more than 
four chromosomes. Among the sporo- 
cytes from each plant there was a wide 
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the average number of quadrivalents per 
sporocyte ranged from 3.42 to 4.39. An 
analysis of variance (table 2) indicated 
that the differences among plants were 
statistically significant; F was greater 


TABLE 1 


NUMBER OF SPOROCYTES AT DIAKINESIS WITH VARIOUS COMBINATIONS OF BIVALENTS 
AND QUADRIVALENTS IN TWENTY PLANTS OF DACTYLIS GLOMERATA 


No. OF SPOROCYTES SHOWING INDICATED ASSOCIATION 


| AVERAGE 
NO. OF 
NO. | | 

| Two COLLECTIONS 
OG 1920) ° 6 14 22 16 17 3 ° 78 | 3.42 
OG 48(28).......| 2 3 16 16 24 II 4 I 77 3-44 
OG 48(43)....... | o 3 21 23 27 17 6 2 99 3.61 
OG OO)... ccs I + 14 26 43 15 8 ° III 3.68 
OG 48(47).. ° 5 18 26 38 21 12 I 121 3.76 
OG SG)... ..<... ° 2 10 16 16 13 6 I 64 | 3.78 
OG aes)... ..=.- ° 2 6 15 22 14 4 ° 63 3.82 
9 22 -29 19 6 I 89 3.83 
OG ° I 5 13 25 14 4 ° 62 3-04 
OG alrs). . oc. I 4 7 18 36 35 II 2 114 4.13 
te: Ce ° ° 3 13 18 18 5 I 58 4.21 
OG 48(92)....... ° I 5 19 34 36 19 I 115 4.39 

SINGLE COLLECTIONS 
OG Glia)... I 14 24 22 II I ° 75 2.42 
OG 20173)... 22.. | 2 I 10 16 17 4 3 ° 53 3.30 
OG 10(12). ° ° 2 3 4 I ° ° 10 3.40 
OG 48(49)....... ° 2 4 Il 16 14 6 ° 53 3.87 
OG 14(11). ° I ° 8 7 6 2 ° 24 3.96 
OG 48172). ..... ° I 5 17 20 16 2 3 64 ce 
OG 20(16)....... ° ° 4 14 14 7 5 I 44 4.00 
OG 13(22)....... | 9 ° 2 4 10 6 4 I 30 4.20 
Total. . | 7 | 53 | 178 327 427 285 110 15 1430: 


range in number of quadrivalents. Cells 
with fourteen bivalents were found in 
four plants while cells with seven quadri- 
valents were observed in eleven plants. 
In each plant the frequency distribution 
of sporocytes with various numbers of 
quadrivalents between these two ex- 
tremes was unimodal. 

Among the twelve plants for which 
lata from both collections were available 


than F for P of 0.05 (18, table 35). In 
addition, variation between days of col- 
lection was significant (P=less than 
0.05). Among the plants with data from 
a single collection, OG 6(12) had an aver- 
age of 2.42 quadrivalents. On the basis 
of the error variance shown in table 2, it 
is probable that this plant is significantly 
lower than any among the twelve with 
data from duplicate determinations. The 
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remaining seven plants with data from a 
single collection exhibited a range similar 
to that shown by the twelve with dupli- 
cate collections. 


METAPHASE I 


The plants are arranged in table 3 in 
ascending order on the basis of percent- 
age of metaphase I sporocytes with uni- 
valents. The twelve plants with data 
from both days ranged from 3.4 to 13.8 
per cent of the sporocytes with one or 
more univalents. In the analysis of vari- 


2(21), for example, 1.7 per cent of the 
sporocytes had four univalents and 0.8 
per cent had five univalents. As a result 
the range among the plants in number of 
univalents per 100 sporocytes (table 4) 
was greater than the range in percentage 
of sporocytes with univalents. 


ANAPHASE I 


Lagging univalents which were divid- 
ing longitudinally were observed in some 
anaphase I sporocytes in all plants, the 
percentages of sporocytes with laggards 


TABLE 2 


ANALYSIS OF VARIANCE OF QUADRIVALENTS PER SPOROCYTE, METAPHASE I SPOROCYTES WITH UNI- 
VALENTS, ANAPHASE I SPOROCYTES WITH LAGGING AND DIVIDING UNIVALENTS, AND QUARTETS 


WITH MICRONUCLEI. FOR STATISTICAL ANALYSIS, PERCENTAGES WERE TRANSFORMED TO 


No. oF PERCENTAGE OF MI PERCENTAGE OF AI PERCENTAGE OF QUAR- 
QUADRIVALENTS WITH UNIVALENTS WITH LAGGARDS TETS WITH MICRONUCLEI 
VARIATION 
DUE TO 
D/F MEAN F D/F MEAN F D/F MEAN F D/F MEAN F 
SQUARE SQUARE SQUARE SQUARE 
tr | 0.1971] 4.05*| 11 | 29.98] 3.87%] 11] 97.32] 2.32 | 13 | 58.43] 2.58* 
1 | 0.3015] 6.20%} 1 | 111.37] 14.37f| 1 | 332.27] 7-93*| 1 | 289.93] 12.70T 


ance of these data, the angular transfor- 
mation, P=sin?¢, recommended by 
Buss (1, 2) was used. The values of ¢ 
were obtained from FISHER and YATES 
(5, table 12). The differences among 
plants and between days were significant 
(P was less than 0.05 and 0.01, respec- 
tively). Among the eight plants with 
data from a single collection, two were 
lower and one higher than the extremes 
among the twelve plants. The differ- 
ences, however, are within the range of 
random error and are therefore not sig- 
nificant. 

In the plants with a low percentage of 
sporocytes with univalents, two univa- 
lents per sporocyte was the maximum 
observed. On the other hand, in OG 


ranging from 1.7 to 34.0 per cent among 
the twenty plants (table 3). For the 
twelve plants with duplicate data, the 
range was from 6.4 to 34.0 per cent. In 
the analysis of variance, using the angu- 
lar transformation of the percentages, 
the difference between days was sig- 
nificant’ (P=less than 0.05). For the 
differences among plants F was slight- 
ly less than the value of F for P of 
0.05, and consequently these differences 
were of doubtful statistical significance 
when compared with the interaction of 
plants X days. 

In each of eighteen of the plants, one 
or more anaphase I sporocytes examined 
had a dicentric chromatid bridge accom- 
panied by an acentric fragment, the fre- 
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quency of such sporocytes ranging from 
0.5 to 13.8 per cent for the different 
plants (table 3). In the two plants, 
OG 6(12) and OG 10(12), in which no 
bridges and fragments were observed, 
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over within a heterozygous inversion, al- 
though RICHARDSON (17) has shown that 
similar results may be obtained under 
certain conditions from crossing-over 
within duplications and translocations. 


TABLE 3 


FREQUENCY OF QUADRIVALENTS AND OF SPOROCYTES SHOWING INDICATED MEIOTIC 
IRREGULARITIES IN TWENTY PLANTS OF DACTYLIS GLOMERATA 


DIAKINESIS METAPHASE I ANAPHASE I QUARTETS 
P PERCENT- 
PLANT NO. AVERAGE PERCENT- | AGE WITH PERCENT- 
No. No. AGE WITH No. No. AGE WITH 
NO. QUAD- AGE WITH BRIDGES 
CELLS CELLS UNI- CELLS CELLS MICRO- 
RIVALENTS LAGGARDS | AND FRAG- 
VALENTS NUCLEI 
MENTS 
TWO COLLECTIONS 
| 
48(47) 121 3.8 311 3-4 89 15.1 2.9 235 | 4.4 
48(92) 4.4 341 227 10.3 186 | 6.3 
3-7 344 4.1 351 8.0 343 | 836 
48(28)...... 3.4 204 4-7 255 6.6 5.0 
A) eo | 63 3.8 399 4.7 184 6.4 6.8 236 9.8 
2(11). 114 4.1 324 4.8 110 6.6 5.0 345 6.4 
48(43) 99 3.6 341 5.0 297 7:3 6.4 334 8.2 
SR eee 62 3-9 307 5.8 186 21.6 10.6 285 19.2 
64 3.8 332 218 7.0 4.0 369 8.4 
58 4.2 323 10.2 243 7.0 10.4 
89 3.8 315 11.6 173 2.6 180 14.6 
7(20) 78 3.4 400 13.8 195 34.0 0.5 214 25.6 
| 
SINGLE COLLECTIONS 
| 
13(22) | 30 4.2 137 0.0 58 ee 13.8 131 3.0 
| 64 4.0 247 3.2 57 8.8 241 33 
44 4.0 95 4.2 138 11.6 1.4 106 5-7 
Oe 10 Poy 85 5.9 15 20.0 0.0 184 11.4 
73 2.4 87 6.9 42 16.7 0.0 100 17.0 
AB(40)....-.. 53 3.9 201 fee 100 24.0 6.0 217 17.0 
24 4.0 143 16.8 72 30.6 5.6 198 14.6 


only forty-two and fifteen anaphase I 
sporocytes, respectively, were examined. 
Illustrations of sporocytes with dicentric 
chromatic bridges and acentric frag- 
ments have been presented earlier (14, 
fig. 2). Most investigators, including the 
writers, have interpreted such bridges 
and fragments as resulting from crossing- 


It may be concluded that at least eight- 
een out of twenty plants are heterozy- 
gous for a chromosomal aberration, prob- 
ably an inversion. Minrtzinc (8), MYERS 


and Hit (13, 14), Myers (11, 12), and. 


OSTERGREN (16) have stressed the high 
frequency of chromosomal aberrations, 
particularly inversions, in plants of nor- 
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mally cross-pollinated species. The re- 
sults reported here add further evidence 
for that conclusion. 


TABLE 4 


NUMBER OF UNIVALENTS AT METAPHASE I AND 
OF LAGGING UNIVALENTS AT ANAPHASE I PER 
100 SPOROCYTES; NUMBER OF MICRONUCLEI 
PER 100 QUARTETS; AND NUMBER OF MICRO- 
NUCLEI EXPECTED ON BASIS OF ANAPHASE I 
LAGGARDS 


ToTAL 
UNIVA- No. OF MI- 
LENTS CRONUCLEI 
PER 100 PER 100 
SPORO- Al QUARTETS re) 
PLANT NO. CYTES AT 
Os- | Ex- 
MI |} AI TAINED) PECT- 
ED 
Two COLLECTIONS 
OG 48(47)..| 4.1|/23.3| 568.3 | 7.2] 46.6) 15.5 
OG 48(92)..| 4.9]11.4| 231.6 | 12.4] 22.9] 54.2 
OG o(10)...| 171.6 | 14.9] 22.0] 67.9 
OG 48(28)..| 6.1] 8.2} 133.9 | 11.1| 16.4] 67.7 
OG 48(48)..| 5.5] 7.0] 127.9 | 21.0] 14.0] 149.6 
OG 2(11)...| 6.4] 8.4] 130.8 | 10.1] 16.8] 60.1 
OG 48(43)..| 6.2] 9.6) 153.3 | 14.7] 19.1| 76.9 
OG 42(5)...| 466.8 | 39.1] 62.1| 63.0 
OG 2(3)....]10.2] 8.1] 79.1 | 16.1] 16.2} 99.6 
OG 2(20).. 125.8 | 15.6] 29.6] 52.5 
OG 2(21).. .|19.6145.8| 233.2 | 33.1] 91.6) 36.2 
0G 7(20).. .|20. 2/71. 2] 352.9 | 50.5]142.4| 35.4 
SINGLE COLLECTIONS 
er 0:0) 3.8] 3.4] 110.8 
OG 48(172).| 3.6] 8.8] 241.6 | 5.0] 17.5] 28.3 
OG 20(16). .| 5.3]15.9] 303.0 | 8.5] 31.9] 26.6 
OG 14(13)..| 100.0 | 3.3| 11.0] 29.6 
OG 10(12)..| 9.4]20.0] 212.5 | 20.1] 40.0] 50.2 
OG 6(12)...| 8.o}21.4] 266.2 | 38.0] 42.9] 88.7 
OG 48(49). .| 8.0/35.0] 430.7 | 43.3] 70.0] 61.8 
OG 14(11). .|27.3/51.4| 188.3 | 35.8|102.8] 34.9 
QUARTETS 


The amount of chromosome loss was 
estimated from the frequency of chroma- 
tin material remaining in the cytoplasm 


of the quartets outside the normal nuclei. 
This chromatin material occurred in 
some quartets as dark-staining clumps 
while in others it was organized as a 
small nucleus indistinguishable in ap- 
pearance, except for size, from the nor- 
mal nucleus of the young microspore. 
For convenience, all these chromatin 
bodies are called micronuclei. Judging 
from size and shape, it seems probable 
that most, if not all, of the micronuclei 
consisted of single daughter univalents 
of the equational division of first-division 
chromosomes. 

Among the twenty plants, the fre- 
quency of quartets with micronuclei 
ranged from 1.5 to 25.6 per cent (table 
3). An analysis of variance of the data 
from the fourteen plants with duplicate 
collections indicated that the differences 
among plants and between days were 
significant (table 2). Among the quartets 
with micronuclei, those with one or two 
were most common, while those with 
three or four occurred rather frequently. 
In the plants with high percentages of 
quartets with micronuclei, however, 
more complicated types with five, six, 
seven, and (rarely) eight micronuclei 
were observed. Consequently the num- 
ber of daughter univalents lost per 100 
sporocytes was higher (table 4) than in- 
dicated by the data on percentages of 
quartets with micronuclei. The twenty 
plants ranged from 3.3 to 50.5 daughter 
univalents lost per 100 sporocytes. 


RELATIONSHIPS OF CHROMOSOMAL BE- 
HAVIOR MANIFEST IN DIFFERENT 
STAGES OF MEIOSIS 


Using the average data from the 
twelve plants with duplicate determina- 
tions, correlation coefficients were calcu- 
lated for all combinations of the four 
characters: frequency of quadrivalents, 
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percentage of metaphase I with univa- 
lents, percentage of anaphase I with lag- 
gards, and percentage of quartets with 
micronuclei (table 5). Quadrivalent fre- 
quency was not significantly correlated 
with any of the other three characters. 
The correlation coefficient of metaphase 
I univalents with anaphase I univalents 
was statistically significant; P =less than 
0.01 (4,table VA). This relationship is not 
surprising since it has been reported com- 
monly in the literature that metaphase I 
univalents tend to lag at anaphase I. 
From table 4 it can be seen that in eight- 


TABLE 5 


COEFFICIENTS OF CORRELATION BETWEEN MEI- 
OTIC IRREGULARITIES IN TWELVE PLANTS OF 
DACTYLIS GLOMERATA FOR WHICH DATA 
FROM TWO COLLECTIONS WERE AVAILABLE 


COMPARISON D/F r 
Quadrivalents with MI univalents....| 10 |—0.06 
Quadrivalents with AI univalents....| 10 |—o.12 
Quadrivalents with micronuclei. ..... 10 |—0.21 
MI univalents with AI univalents....| 10 | 0.72* 
MI univalents with micronuclei. .... . 10 | 0:76" 
AI univalents with micronuclei....... 10 | 0.82* 


* Significant according to FisHER’s (4) table VA. 


een of the plants there were more ana- 
phase I laggards than could be accounted 
for by the lagging of metaphase I uni- 
valents. This is in agreement with the 
results reported previously for autotetra- 
ploids (13, /14). In diploid Lolium pe- 
renne, Myers (11) found that the fre- 
quency of anaphase I laggards was less 
than expected from the number of meta- 
phase I univalents, indicating that part 
of the univalents moved to the poles 
without lagging and dividing equation- 
ally. If a similar situation occurs in Dac- 
tylis glomerata, the excess of anaphase I 
laggards is even greater than indicated 
by the data in table 4. Two explanations 
of the excess of anaphase I laggards are 
possible: (a) while lagging univalents are 
easily seen at anaphase I they are less 
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easily observed at metaphase I, where 
they may be obscured by the main group 
of chromosomes on the equatorial plate; 
or (b) there may be other sources of ana- 
phase I laggards in addition to unpaired 
chromosomes at metaphase I. Daruinc- 
TON (3) reported that laggards frequently 
result from the incomplete disjunction 
of the chromosomes of multivalents. If 
that is the case, it might be expected that 
quadrivalent frequency would be posi- 
tively correlated with the excess of ana- 
phase I laggards over metaphase I uni- 
valents in the various plants. Using data 
from the twelve plants with duplicate de- 
terminations, the correlation coefficient 


between these two characters was 


— 0.306, a nonsignificant value. 

The correlation coefficients of percent- 
age of metaphase I sporocytes with uni- 
valents and of anaphase I sporocytes 
with laggards with the percentage of 
quartets showing micronuclei were high- 
ly significant; P = less than o.o1 (4, ta- 
ble VA). These results are in agreement 
with the hypothesis that the micronuclei 
result from the loss of daughter uni- 
valents of the longitudinally dividing 
anaphase I laggards either during the 
first division, second division, or both. 
The expected number of micronuclei per 
100 quartets may be calculated on the 
basis of this behavior of anaphase I lag- 
gards, if it is assumed that none of the 
daughter univalents is included in the 
quartet nuclei (table 4). In eighteen of 
the plants the obtained number was less 
than expected, suggesting that some of 
the daughter univalents are included in 
the quartet nuclei. This is in agreement 
with earlier conclusions (14). 


Summary 


1. Chromosomal association and be- 
havior during meiosis was determined 
from duplicate collections of twelve 
plants and single collections of eight 
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plants from open-pollinated populations 
of Dactylis glomerata. 

2. The average number of quadri- 
valents per sporocyte ranged from 2.42 
to 4.39 for the twenty plants. The dif- 
ferences among plants and between dates 
of collection were statistically significant. 

3. The percentage of metaphase I 
sporocytes with univalents varied from 
oto 16.8. P was less than 0.05 and 0.01, 
respectively, for comparisons of differ- 
ences among plants and between dates of 
collection. 

4. From 1.7 to 34.0 per cent of the 
anaphase I sporocytes of the different 
plants had lagging chromosomes which 
were dividing equationally. The differ- 
ence between dates of collection was sig- 
nificant. For comparison of variance due 
to plants with the interaction plants X 
days, F was slightly less than F for P of 
0.05. From o.5 to 13.8 per cent of the 


anaphase I sporocytes had dicentric 
chromatid bridges accompanied by acen- 
tric fragments. 

5. Significant differences between the 
dates of collection and among plants 
were found for percentage of quartets 
with micronuclei. The plants ranged 
from 1.5 to 25.6 per cent. 

6. Quadrivalent frequency was not 
correlated with percentage of metaphase 
I sporocytes having univalents, percent- 
age of anaphase I sporocytes with lag- 
gards, or percentage of quartets with 
micronuclei. Correlation coefficients were 
significant between metaphase I sporo- 
cytes with univalents and anaphase I 
with laggards, between metaphase I with 
univalents and quartets with micronu- 
clei, and between anaphase I with lag- 
gards and quartets with micronuclei. 


U.S. REGIONAL PASTURE RESEARCH LABORATORY 
STATE COLLEGE, PENNSYLVANIA 
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INFLUENCE OF CONTROLLED-ATMOSPHERE STORAGE 
ON RESPIRATION OF McINTOSH APPLES 


ROBERT M. SMOCK 


(WITH FOUR FIGURES) 


Introduction 


The fundamentals of the procedure of 
controlled-atmosphere storage of fruit 
were developed by Kipp and WEst (2) 
in England. The application of this 
method to New York and New England 
varieties of apples has been described by 
Smock and VAN DorEN (3). 

This method seems unusually well 
adapted to the McIntosh apple. When 
held in 5 per cent carbon dioxide and 2 
per cent oxygen at a temperature of 
40° F., this variety keeps two or three 
times as long as in ordinary cold storage 
in air at 32° F. (3). Not only do the ap- 
ples keep firmer and more crisp, but they 
escape the physiological disorder known 
as brown core, which often occurs in cold 
storage at 32° F. with this variety. One 
of the most striking results is a ‘residual 
effect” of the storage treatment after re- 
moval from storage. McIntosh apples 
treated in this manner seem to keep long- 
er than might be anticipated on the basis 
of their condition upon removal from 
storage. 

This investigation was initiated to 
study possible differences in respiration 
rate between McIntosh apples in ordi- 
nary cold storage at 32° F. and in con- 
trolled-atmosphere storage at 40° F. A 
possible explanation of the residual effect 
of this storage technique was also sought. 

Metuops.—Uniformly mature McIn- 
tosh apples were selected from several 
moderately vigorous trees grown under 
identical conditions in the Cornell Uni- 
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versity orchard at Ithaca, New York. 
The fruit was slightly more nearly ma- 
ture when harvested in 1940 than in 
1941. Fruit firmness was measured with 
a Magness-Taylor pressure tester and 
ground color with a standard apple-color 
chart. 

The respiration rate of apples held in 
air was measured by passing carbon di- 
oxide-free air over lots of ten fruits each 
at a rate of 27-28 liters per hour and ab- 
sorbing the evolved carbon dioxide. The 
respiration rate of fruit held in controlled 
atmospheres was measured by the meth- 
od described by VAN DoreEN (4), using 
lots of 250 apples each. CLAYPOOL’s (1) 
method for the determination of carbon 
dioxide in the internal atmospheres of 
the fruit was used. This method meas- 
ures more than free, gaseous carbon di- 
oxide but it seemed to give results which 
were comparable and could be dupli- 
cated. 


Results 


EFFECTS ON LENGTH OF KEEPING 


Table 1 gives data on the effect of the 
two storage treatments on the firmness, 
changes in ground color, and length of 
period of marketability of the fruit upon 
removal from storage. The data show 
that controlled-atmosphere storage has 
in general retarded losses in firmness as 
measured by the pressure test and re- 
tarded the change in color from yellow- 
ish green to yellow on the fruit. Upon 
removal in January, the controlled-at- 
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mosphere fruit remained marketable 
twice as long as cold-storage fruit. By 
the first of May, cold-storage apples 
were either unmarketable upon removal 
from storage or remained so for only a 
few days. Controlled-atmosphere apples 
remained marketable for 3-4 weeks after 
removal from storage in May. 


obtained, they were pre-climacteric. The 
respiration rate during the storage period 
was approximately two or three times as 
fast at 32°F. in air as it was in controlled- 
atmosphere storage at 40° F. (fig. 1). A 
clear-cut respiratory rise culminating in 
a climacteric was not noted in the cold- 
storage lot, although there was a sugges- 


TABLE 1 


INFLUENCE OF STORAGE TREATMENT ON KEEPING QUALITY OF MCINTOSH APPLES 
(A, STORED AT 32°F. IN AIR; B, STORED IN 5% CO.-2% O, AT 40° F.) 


P a PERIOD OF MARKETABILITY 
RESSURE TEST GROUND COLOR 
(tB.) AFTER REMOVAL FROM 
STORAGE (DAYS) 
A | B A | B A B 

1940-41 SEASON 
Oct. 7, 1940 (harvest)....} 12.4 12.4 3 3 52 (not stored) |...... 
10.1 10.8 3-4 3-4 32 43 
9.4 3-4 3-4 II 30 

1941-42 SEASON 
Sept. 19, 1941 (harvest)....| 16.0 16.0 23-3 
10.5 15.4 23-3 23-3 24 42 
10.5 4 3 3 31 


EFFECTS ON RESPIRATION RATE 

SEASON 1940-41 DATA.—Figure 1 
shows results obtained on the respira- 
tion rate of apples held in 32° F. air and 
5 per cent carbon dioxide and 2 per cent 
oxygen at 40° F. It was not known defi- 
nitely whether the fruit was picked in a 
pre-climacteric or post-climacteric con- 
dition.t On the basis of respiration data 


‘Following harvest, apples and certain other 
fruits go through a respiratory rise until they reach 
a peak, called the “climacteric” by Kipp and WEsT 
(2). The climacteric is followed by a more or less 
gradual decline in respiratory intensity. 


tion of such a rise during December. It 
seems safe to conclude that there was no 
respiratory rise in the controlled-atmos- 
phere apples while in storage. 

When the respiration rate of the fruit 
was measured upon removal from storage 
to air at 66°F. in January, the cold- 
storage apples were declining in respira- 
tory rate and were apparently post- 
climacteric. The controlled-atmosphere 
apples went through a normal respira- 
tory rise, reached a respiratory peak, and 
declined. This would confirm the as- 
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sumption that the apples were pre-cli- 
macteric when picked and that they did 
not experience a respiratory rise during 
storage. The most significant observa- 
tion on these data, however, is that the 
latter did not respire so fast as the for- 
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fruit was near the end of its marketa- 
bility. The sudden rise after the first 
day’s measurement was due to the fact 
that the fruit began to split open. The 
controlled-atmosphere fruit again went 
through a normal respiratory curve. 


, 
of 
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Fic. 1.—Respiration of McIntosh apples during 1940-41 storage season in 32° F. air and in controlled- 
atmosphere storage at 40° F. In January, March, and May, samples removed from these two storage treat- 
ments and respiration measured in air at 66° F. (upper set of curves). 
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Fic. 2 -—Respiration of McIntosh apples during 1941-42 storage season in 32° F. air and controlled-at- 
mosphere storage at 40° F. Respiration also measured (upper set of curves) on sisaa at harvest time and 
upon removal from storage in January, March, and May at 74° F. 


mer, even though held under identical 
conditions upon removal. The con- 
trolled-atmosphere fruit upon removal 
from storage in March went through a 
normal respiratory curve and at no time 
respired as fast as the cold-storage fruit. 

When the respiration rates were meas- 
ured upon removal from storage in May, 
it was apparent that the cold-storage 


SEASON 1941-42 DATA.—The respira- 
tion rate of the fruit at harvest time was 
measured, as well as after removal from 
storage treatments at different dates dur- 
ing this season. The respiration curve 
(fig. 2) at harvest time shows the fruit 
definitely pre-climacteric at the time of 
picking. 

Respiration data during storage indi- 
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cate that the cold-storage (32° F. air) 
fruit respired approximately two to three 
times as fast as the controlled-atmos- 
phere fruit. The former seemed to reach 
a respiratory peak in late December. 
The only semblance of a respiratory peak 
during the previous season came at this 
same period. The controlled-atmosphere 
fruit seemed to have no respiratory rise 
while in storage. The fact that it did 
have such a rise when removed from stor- 
age tends to confirm this fact, since ap- 
ples seldom have two such rises. 

When apples were removed from cold 
storage in January, they declined in 
their respiration rate at 74° F., indicating 
that they had passed their respiratory 
peak in storage. The controlled-atmos- 
phere apples went through a normal res- 
piratory curve when removed from stor- 
age. Upon removal in March, the cold- 


storage apples again gave indication of 


being post-climacteric. Again the con- 
trolled-atmosphere apples went through 
a normal respiratory curve, and at no 
time did they respire as rapidly as the 
cold-storage apples. 

Upon removal from storage in May, 
the cold-storage apples seemed to be at 
about the end of their respiratory curve, 
becoming unmarketable after 3 days at 
74 F. The controlled-atmosphere apples 
went through their normal respiratory 
curve and respired considerably less than 
the cold-storage apples. 

The longer the controlled-atmosphere 
apples were held in storage, the slower 
they respired upon removal. This fact 
was more apparent during the 1941-42 
season than during the previous one. No 
great significance can be attached to this 
observation, however, since it should be 
remembered that the apples were also 
becoming older with time, in spite of the 
intensity of their respiration rate. 

After removal from controlled atmos- 


phere in May, 1942, one lot of McIntosh 
apples was moved into air storage at 
32° F. Although the data are not pre- 
sented here, the respiration rate of these 
apples was about halfway between that 
of apples held in 32° F. air continuously 
and those held in controlled atmospheres 
at 40° F. In other words, there was a re- 
sidual effect on these controlled-atmos- 
phere apples following their removal to 
ordinary cold storage at 32° F. These ap- 
ples started their climacteric rise after 18 
days at 32° F. 


CUMULATIVE RESPIRATION RESULTS 


SEASON 1940-41 DATA—From_ the 
smoothed respiration curves, cumulative 
curves of the respiration rate were con- 
structed for the two storage treatments 
and plotted at 3-day intervals. By the 
first of January the cold-storage apples 
had evolved about three times as much 
carbon dioxide as the controlled-atmos- 
phere fruit (fig. 3). Upon removal to a 
temperature of 66° F. in air, it required 
twice as long for the controlled-atmos- 
phere apples to become unmarketable 
and to evolve the same amount of carbon 
dioxide as the cold-storage apples when 
discarded. 

By March the cold-storage fruits had 
given off more than three times as much 
total carbon dioxide as the controlled- 
atmosphere fruit. Upon removal to 
66° F. air, the controlled-atmosphere ap- 
ples remained marketable three times as 
long as the cold-storage apples. Upon re- 
moval in May, the cold-storage apples 
were unmarketable and had given off 
more total carbon dioxide than the other 
lots. The cold-storage apples had given 
off three times as much carbon dioxide as 
the controlled-atmosphere fruits and 
were unmarketable upon removal. 

With one exception, all lots of McIn- 
tosh apples during this year’s trial 
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seemed to become unmarketable when 
they had given off 18-19 gm. of carbon 
dioxide per kilo of fruit. The cold-storage 
apples upon removal in March reached a 
considerably higher figure than this. 


[SEPTEMBER 


fruit seemed to become unmarketable 
when it evolved a total of 17.5-19.5 gm. 
of carbon dioxide per kilo of fruit. 

The period of marketability was not 
measured on the fruit held at 74° F. fol- 
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Fic. 3.—Cumulative respiration of McIntosh apples during 1940-41 season in 32° F. air and controlled- 
atmosphere storage at 40° F. (the two most nearly horizontal lines). In January, March, and May, samples 


removed from these two storage treatments and respiration measured in air at 66° F. (the five most nearly 
vertical lines). 


OF FRUIT 


4 
=x 
& 
x 
/ va 
x 
0H 264M 2 6M 2 8B MMB TH 6 2 921 FI 9 
SEPT. ocr. wov aec JAN. FEB. MAR. APR. MAY 


Fic. 4.—Cumulative respiration of McIntosh apples during 1941-42 season in 32° F. air and controlled- 
atmosphere storage at 40° F. (the two most nearly horizontal lines). Cumulative respiration at harvest time 
and upon removal from storage in January, March, and May at 74° F. (the seven most nearly vertical lines). 


SEASON 1941-42 DATA.—By the first of 
January the cold-storage apples had giv- 
en off a total of almost two and one-half 
times as much carbon dioxide as the con- 
trolled-atmosphere fruit (fig. 4). By the 
first of March and May, the cold-storage 
fruit had given off about three times as 
much carbon dioxide as the controlled- 
atmosphere fruit. During this season the 


lowing harvest, so the high point of the 
cumulative curve for this lot of fruit 
should not be included in comparisons. 


INTERNAL ATMOSPHERE OF FRUIT 


One explanation of the “residual ef- 
fect” of controlled atmosphere storage 
treatment is the possible persistence of 
carbon dioxide within the tissues of the 
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fruit. An equally plausible explanation 
would be the persistence of a low oxygen 
atmosphere within the fruit upon remov- 
al from storage. This latter point was 
not tested. 

Table 2 gives the results of analyses of 
carbon dioxide in the internal atmos- 
pheres of the fruit. Storage in 5 per cent 
carbon dioxide resulted in a considerably 
higher carbon dioxide content in the fruit 
immediately upon removal from storage. 
Of course, the air-storage sample was at a 
lower temperature (32° F.), but respira- 
tion was slower at the higher tempera- 
ture. The 32°F. air lot had a greater 


reach the carbon dioxide level which 
they later maintained—at a rather con- 
stant figure. 

From these data it would seem that 
the residual effect of controlled-atmos- 
phere treatment of apples cannot be ex- 
plained on a basis of persistence of car- 
bon dioxide in the internal atmospheres 
of the fruit. Diffusion of this gas was 
somewhat rapid under the conditions of 
the experiment. Diffusion might have 
been less rapid in apples confined in a 
container than in these that were lying 
on a laboratory table. Oxygen data were 
not obtained. 


TABLE 2 


CARBON DIOXIDE IN INTERNAL ATMOSPHERE OF MCINTOSH APPLES FOLLOWING REMOVAL 
FROM STORAGE TO ROOM TEMPERATURE AS AFFECTED BY STORAGE TREATMENT 


= 
Houns Me. CO, Hours Me. CO, 
, PER KILO | PER KILO 
REATMENT AFTER RE- or | TREATMENT AFTER RE- or 
MOVAL MOVAL 
FRUIT FRUIT 
5% CO, and 2% O, at 40°F.....| 0 209 ° 57 
5% CO, and 2% O, at 40° F..... 24 2} 57 
5% CO, and 2% O, at 40° F..... 443 44 88 
5% CO, and 2% O, at 40° F.....| 48 113 48 124 


temperature differential between fruit and 
room temperature than the controlled-at- 
mosphere lot. On March 22, 1941, the con- 
trolled-atmosphere lot had approximate- 
ly four times as much carbon dioxide in 
its tissues as had the cold-storage lot im- 
mediately upon removal. Within 2} 
hours the carbon dioxide in the con- 
trolled-atmosphere fruits had dropped al- 
most 100 per cent. A level of 117 mg. of 
carbon dioxide per kilo of fruit was not 
reached in the 32° F. air lot until after 48 
hours. Fruit temperatures had reached 
air temperatures within 24 hours, how- 
ever. These analyses were repeated on 
similar apples in April and similar results 
were obtained, although it took the con- 
trolled-atmosphere apples 4 hours to 


Discussion 


It seems rather evident from these re- 
sults with McIntosh apples that the use 
of controlled-atmosphere storage (5 per 
cent carbon dioxide and 2 per cent oxy- 
gen at 40°F.) reduced the respiration 
rate in storage about 66 per cent in com- 
parison with apples in 32° F. air. When 
removed from storage in controlled at- 
mospheres McIntosh apples do not re- 
spire as fast as fruit removed from cold 
storage. This may partially explain the 
so-called “residual effect” of controlled 
atmospheres. Use of such atmospheres 
might have affected respiratory enzymes. 
VaN DorEN (4) has found that controlled 
atmospheres also seem to affect the en- 
zymes involved in pectose hydrolysis in 
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apples. There may be still other effects, 
the sum total of which would explain 
this residual effect of storage. Persist- 
ence of high carbon dioxide atmospheres 
within the fruit after removal from stor- 
age would hardly explain this effect, since 
no such persistence could be found. While 
oxygen levels within the fruit were not 
measured, it seems unlikely that this 
would offer an explanation. 

Cumulative respiration curves indi- 
cate that cold-storage fruit evolved a 
sum total of two and one-half to three 
times as much carbon dioxide as con- 
trolled-atmosphere fruit within the same 
time period in storage. 

The use of cumulative respiration 
curves as an index of the “length of life”’ 
of the fruit has certain values and certain 
limitations. During the 1940-41 season, 
the McIntosh apples seemed to become 
unmarketable when they had evolved a 
total of 18-19 gm. of carbon dioxide per 
kilo of fruit. During the following season 
they evolved 17.5-19.5 gm. before be- 
coming unmarketable. The fruit was 
picked in a slightly less mature condi- 
tion in the latter season, however. The 
possibility of using such a figure as 18 
or 19 gm. of carbon dioxide per kilo of 
fruit as a physiological expression of the 
length of marketable life of McIntosh as 
grown in a given selection should be test- 
ed further. It is apparent that to use such 
an expression the fruit would have to be 
examined from one production area only, 
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using fruit picked at the same point on 
the respiration curve each year and 
avoiding such secondary factors as rot- 
ting, scald, and internal disorders. Some 
of the complicating factors in this study 
were brown core (a low temperature dis- 
order) and a type of arsenical injury 
which appeared on the calyx end of the 
fruit when it was held in a high relative 
humidity for extended periods. In spite 
of the numerous limitations of this ex- 
pression, it deserves further testing. 


Summary 


1. McIntosh apples respired approxi- 
mately one-third as fast in controlled-at- 
mosphere storage at 40° F. as in ordinary 
cold storage at 32°F. The residual ef- 
fect of controlled-atmosphere storage on 
apples after their removal to high tem- 
peratures can be partially explained by a 
reduction in respiration rate following 
the storage treatment. The residual ef- 
fect cannot be accounted for by persist- 
ence of a high carbon dioxide level in the 
tissues of the fruit. 

2. McIntosh held in cold storage at 
32° F. evolved two and one-half to three 
times as much carbon dioxide during the 
same time period in storage as controlled- 
atmosphere fruit. The value and limita- 
tions of cumulative respiration curves for 
this type of study are indicated. 
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DEVELOPMENT OF THE MACROGAMETOPHYTE OF 
MIERSIA CHILENSIS 


MARION S. CAVE 


(WITH TEN FIGURES) 


Introduction 


Miersia is a South American genus 
belonging to the tribe Gilliesieae. This 
tribe, together with the closely related 
Agapantheae and Allieae, has been trans- 
ferred by Hutcutnson (3) from the 
Liliaceae to the Amaryllidaceae on the 
basis of the umbellate inflorescence with 
an involucre of bracts. In the Agapan- 
theae, Tulbaghia violacea follows the Scilla 
type of development of the female game- 
tophyte, whereas Agapanthus umbellatus 
follows the “‘norma!”’ type (9). In the Al- 
lieae, WEBER (13) and MEssERI (7) have 
shown that a great number of Allium 
species belong to the Scilla type. This is 
also the case in Allium cepa (4), A. 
govanianum (12), and A. fistulosum (11). 
Nothoscordum fragrans, according to 
STENAR (10) and MEsSERI (7), is like 
Scilla, but N. striatum is normal, al- 
though Messer finds occasional cases 
where JV. striatum follows the Scilla type. 
In Nothoscordum bivalve Eck.Ees (2) 
states that the development is normal. 
Leucocoryne ixioides (1) is like Scilla. 

Since some bulbs of Miersia chilensis 
were received at the Botanic Garden of 
the University of California from Val- 
paraiso, Chile, an opportunity was pro- 
vided to investigate macrosporogenesis 
and macrogametophyte development in 
a member of the tribe Gilliesieae, in 
which no studies have been made so far 
as the writer is aware. 


Investigation 


The bulbs were planted in September, 
and plants were grown both in the green- 
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house and outdoors in Berkeley. They 
flower from November through Feb- 
ruary. Each umbellate inflorescence has 
from three to six flowers, all at different 
stages of growth. Ovaries of one in- 
florescence fixed at the time the anthers 
of the oldest flower are shedding their 
pollen show a succession of stages in de- 
velopment of the female gametophyte, 
from prophase of the archesporial cell 
through the mature macrogametophyte. 
All ovaries were fixed in CRAF, dehy- 
drated in butyl alcohol, and stained in 
iron-alum haematoxylin. Sections were 
cut at Iow. 

The archesporial cell (fig. 1) is situated 
directly beneath a layer of nucellus cells. 
The extremely small number of the latter 
is striking. In cross-section, the entire 
length of the archesporial cell has only 
about two nucellar cells at each side of 
it. 

Meiosis proceeds normally (figs. 2, 3). 
The formation of macrospores always re- 
sults in a T-shaped configuration (fig. 4). 
The chalazal macrospore grows consid- 
erably in size before starting division. 
At this time the inner integument has 
not yet surrounded the nucellus and the 
outer integument shows a slight bulge on 
one side of the ovule. 

The divisions of the nucleus of the en- 
larged chalazal macrospore then take 
place in rapid succession. At the two- 
nucleate stage the nuclei lie at opposite 
ends of the developing macrogameto- 
phyte, separated by a vacuole (fig. 5). 
At the next division the micropylar nu- 
cleus always divides at right angles to the 
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long axis of the macrogametophyte, 
while the nucleus at the chalazal end 
may divide likewise, or parallel with the 
long axis (figs. 6, 7). The four nuclei 
then divide to produce eight, and a polar 
nucleus from each group of four mi- 
grates to the center (fig. 8). These fuse 
to produce the primary endosperm nu- 
cleus. The antipodals do not degenerate, 
and at the micropylar end of the macro- 
gametophyte a typical egg cell with a 
large vacuole is formed (fig. 10). The 
synergids grow to a large size and then 
seem to degenerate, at which time they 
stain deeply with haematoxylin (figs. 9, 
10). 

The integuments do not entirely sur- 
round the nucellus, even when the mac- 
rogametophyte is mature, and the small 
number of cells which make up the nucel- 
lus and integuments is very noticeable. 

According to SCHNARF (8) and Ma- 
HESHWARI (5, 6), the origin and mode of 
development of the macrogametophyte 
should be one line of evidence in working 
out the phylogeny of groups in the 
angiosperms. In Miersia chilensis, the 
first member of the Gilliesieae studied, 


the type of development is “normal.” 
In the two closely related tribes both the 
normal and Scilla types are found. In 
Allium all the species so far investigated 
belong to the Scilla type, whereas within 
the genus Nothoscordum both schemes of 
development occur. At present too 
small a number of species has been stud- 
ied to be of much aid in working out 
phylogeny, but further work along this 
line should give an insight into the rela- 
tionships existing both within and among 
these three closely related tribes. 


Summary 


1. Macrosporogenesis and develop- 
ment of the macrogametophyte in Mier- 
sia chilensis is “normal.” 

2. Investigation into the origin and 
mode of development of the macro- 
gametophyte in other species of the 
Agapantheae, Allieae, and Gilliesieae is 
necessary before this character can be 
used in working out the phylogenetic re- 
lationships existing within and among 
these tribes. 
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Deciduous Orchards. By Witt1AM HENRY CHAN- 
DLER. Philadelphia: Lea & Febiger, 1942. Pp. 
438. $4.50. 


This volume adds to the discussion of the usual 
list of deciduous fruit trees such others as mulberry, 
fig, persimmon, papaw, pomegranate, jujube, wal- 
nut, hickory, hazelnut, chestnut, pistachio, and tung. 
Although the treatment of some of these is brief, 
there is at least an establishment of their place in 
American horticultural textbooks. 

In several early chapters, tree and fruit structure, 
processes, responses, and relationships are discussed. 
These are correlated with the setting and develop- 
ment of fruits and the processes which may occur 
in mature fruits. The whole treatment resolves itself 
into an effective ecological treatise on the culture of 
fruit trees. The reader is stimulated to initiate ad- 
ditional experiments to aid in extending knowledge 
on nearly every topic presented. Every teacher will 
be interested in the author’s ideas on teaching as 
presented in the preface.—E. J. Kraus. 


Chemistry and Physiology of the Vitamins. By H. R. 
ROSENBERG. Interscience Publishers, Inc., 1942. 
Pp. xix+674. Illustrated. $12.00. 


This isan important monograph, summarizing the 
current knowledge of the chemical structure of the 
known vitamins and their physiological functions. 
The first chapter is a general survey, concerned with 
definitions, historical information, nomenclature, 
lists of identified and unidentified vitamin entities, 
occurrence, isolation, constitution of molecules, 
syntheses, methods of preparation, biogenesis, speci- 
ficity, determination, standards, the general physiol- 
ogy of vitamins, and pathological problems such as 
avitaminoses, hypovitaminoses, hypervitaminoses, 
and normal requirements. 

Then the vitamins are taken up in alphabetical 
order, The vitamins A come first, with consideration 
of the provitamins of this group, followed by sec- 
tions on vitamin A;, A,, A;—their biogenesis, deter- 
mination, physiological importance, pathological 
implications, and requirements. 

Several chapters are devoted to the B group—Bx, 
B., and Be. The ground covered for each vitamin 
follows the same general pattern in each case, a 
thorough assembling of what has been established of 
the chemistry and physiology of each. Other chap- 
ters deal with nicotinic acid and nicotinamide; pan- 
tothenic acid; inositol; and para-amino-benzoic acid; 
members of the B complex. Ascorbic acid (vitamin 
C), the group of vitamins D, the group of vitamins 
E, biotin (vitamin H), the group of vitamins K, vita- 
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min P, and a group of nonidentified vitamins com- 
plete the main body of the work. An appendix deals 
with so-called ‘“‘vitagens,” such as essential fatty 
acids, essential amino acids, essential carbohydrates, 
choline, and transferable methyl groups. 

The nonidentified vitamins contain a hetero- 
geneous group of B complex substances: vitamins 
J, L, and L,, and M, factor T, factor U, folic acid, and 
such problematical substances as grass juice factor, 
mouse factor, and antipernicious anemia factor. 

One interesting feature of the book is a patent 
index, which occupies almost 60 pages. The list in- 
cludes foreign patents as well as those issued in the 
United States. The patents cover methods of ex- 
traction, preservation of vitamin content in foods, 
concoction of elixirs, apparatus concerned with the 
manufacture of preparations, additions of vitamins 
to food products, tablets for medical use, and many 
other features of commercial vitamin production and 
consumption. 

The author index, three columns to the page, fills 
44 pages. A well-chosen subject index completes 
this useful volume. 

The author of the work is a vitamin chemist in 
the Jackson Laboratory of the E. I. Du Pont de 
Nemours and Company; he has had this volume in 
mind for almost 15 years. His work with Ruzicka 
and Reichstein in Switzerland at about the time the 
first vitamin was becoming structurally known was 
the stimulus which finally brought the work into 
existence. It is a very creditable survey, and as a 
source book of knowledge it should be of great value 
to biochemists and plant physiologists.—C. A. SHULL. 


A Short History of the Plant Sciences. By HowarD 
S. REED. Waltham, Mass.: Chronica Botanica 
Co.; New York: G. E. Stechert & Co., 1942. 
Pp. x+323. Figs. 37. $5.00. 

This book “‘is intended for the average graduate 
student,—to guide students during the formative 
period to a better understanding of past and present 
trends, and to clarify the increasingly complex situa- 
tion into which they will eventually be thrust.” 
This purpose the volume will accomplish only in 
part, although most students (and their teachers) 
will find much of interest and value in it. No one 
writing on such a subject could escape criticism, un- 
less he first apologized, as Professor REED does, for 
the book’s reflection of his own interests and for its 
omissions and inability to treat certain subjects ade- 
quately. Yet perhaps a better title would have been 
“Topics in the history of the plant sciences.” 

The first third of the treatment is unified, and 
most phases of plant science are covered up to the 
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beginning of the nineteenth century, often including 
material not easily available. This section is con- 
cluded with a chapter on gardens, in which the au- 
thor brings out the influence of gardens and garden- 
ing on the development of the plant sciences. From 
here on he has deliberately omitted, he states, any 
discussion of systematic botany, phylogeny, paleo- 
botany, genetics and plant breeding, because of ade- 
quate treatment of them in recent books. For the 
same reason he has chosen not to discuss the new 
work on growth, tropisms, and hormones, although 
there is little or no mention of any of the work on 
growth, irritability, respiration, photoperiodism, 
and the physiology of reproduction during either 
the nineteenth or twentieth centuries. Ecology and 
plant geography are treated only up until 1900, 
since the author feels unable to discuss the more 
recent concepts, which—to him—lack precise defini- 
tion. 

With these omissions, it was natural to compart- 
mentalize the topics covered. The chapters on 
morphology, cytology, mycology, and plant pathol- 
ogy could be used in conjunction with textbooks in 
the respective fields, especially the last three. Physi- 
ology is covered at much greater length in six chap- 
ters on water economy, carbon fixation, nitrogen 
assimilation, fixation, and metabolism of nitrogen, 
plant nutrition, and mineral constituents in metabo- 
lism. Although the great development in certain 
fields of plant science in the last century and a half 
of increasing specialization is thus emphasized, one 
wonders just how the book may be used to best ad- 
vantage. For the teacher the heuristic approach is of 
value only as it emphasizes the mutual dependence 
of the various fields in their development. As a text- 
book for a course in the history of botany, the in- 
completeness, and in part the organization, neces- 
sarily detract from the value of the volume. For the 
student, reading independently and capable of in- 
tegrating his own facts, it would seem desirable that 
arevision might include a list of suggested references 
covering adequately, so far as possible, the fields 
omitted in this edition —C. E. OLMsTED. 


Geographical Guide to Floras of the World. Part I. 
By S. F. BLAKE and Atice C. Atwoop. Wash- 
ington, D.C.: U. S. Government Printing Office; 
U.S. Department of Agriculture Miscellaneous 
Publication no. 401, 1942. Pp. 336. $0.75. 

This bibliography is ‘an annotated catalog of all 
the now useful floras and floristic works... . that 
list or describe the complete vascular flora (or the 
phanerogams only) of any region or locality,” and of 


“all publications dealing on the same scale with use- 
ful and medicinal plants, vernacular names, and 
botanical bibliography,” complete through 19309. 
“Publications dealing with only a part of the flora 
....are excluded, except for complete papers on 
edible, medicinal, or woody plants.” The annota- 
tions are brief descriptions of the contents of the 
listed works, but no attempt was made to evaluate 
them. Lists covering exceedingly small areas, and 
those very incomplete or full of errors, have been 
omitted. 

Part I covers the entire world, except Europe, 
Asia, and the islands near them. The titles included 
number about 3000 and were selected from more 
than twice that number of works examined. These 
are grouped under 229 alphabetically arranged geo- 
graphical subdivisions in five major regions: Africa, 
Australasia, Insular, North America, and South 
America. Lists for the major regions require 48, 24, 
44, 102, and 31 pages, respectively. General and 
local works are listed separately under each sub- 
division. 

The introductory section provides data for sum- 
ming up our detailed knowledge, or lack of it, of the 
floras of the portions of the world covered. Other 
features adding to the usefulness of the book are a 
list of 100 floras and floristic works of greatest gen- 
eral utility, a complete list of abbreviations for pub- 
lications cited, and very complete author and geo- 
graphical indices, the former with authors’ dates. 
—C. E. OLMsTED. 


Bibliography of References to the Literature on the 
Minor Elements and Their Relation to Plant and 
Animal Nutrition. 3d supplement to 3d edition. 
New York: Chilean Nitrate Educational Bureau, 
Inc., 1942. Pp. 78. 

This supplement follows the pattern of the pre- 
vious ones. The abstracts are arranged by elements, 
alphabetically, from aluminum to zinc. Forty-seven 
elements are included in the index. At the close of 
the survey by elements three short sections include 
a few papers under Nutrient solutions, Nutrient 
elements, and Analyses. The botanical index lists by 
common names approximately 100 species upon 
which nutritional investigations have been made 
during the past year. More than 700 authors are 
cited and abstracted. 

The publication of this supplement each year is a 
most commendable service, appreciated by agrono- 
mists, plant physiologists, and others interested in 
the rapidly advancing field of plant nutrition.— 
C. A. SHULL. 
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